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PREFACE TO THE FOURTH EDITION 

Power plant testing, since the last revision of this book, has become 
increasingly exact. Chiefly responsible for this change has been the 
introduction of high steam pressures and of rotary prime movers in large 
units of plant equipment. Sheer economic necessity demanded refine¬ 
ments in testing. 

To meet this need, new methods and refinements of old methods have 
been developed which have resulted in new and higher requirements for 
all standard power plant testing. Most of the changes were based upon 
the recommendations of the national engineering societies. 

Especially in temperature and pressure measurements, more con¬ 
sistent results are being obtained today by the new approved methods 
than were ever possible by the old practices. Then again, improved 
methods are responsible for standardizing the testing of lubricants and 
fuels, a very great advance. 

The Power Test Committee of the American Society of Mechanical 
Engineers has practically completed its revision of the testing codes and, 
with the approval of the Council of the Society, has put them now into 
relatively permanent form. New codes and testing methods, usually 
somewhat abbreviated, have been incorporated in this book. Included 
in the chapter on Flow of Fluids is the code proposed and recommended 
by the A.S.M.E. Research Committee to determine for guarantee” 
tests the steam consumption of noncondensing and bleeder steam tur¬ 
bines by the calculated flow through suitable nozzles. This recommenda¬ 
tion is important because it puts American testing methods in better 
agreement with the European than before. To bring the book strictly 
up to date in this way has involved the rewriting of large sections. 

Many engineers and teachers have contributed to this revision. Spe¬ 
cial mention should be made of the contributions of the following professors 
and engineers to this edition and to the one preceding: L. S. Marks, 
Harvard School of Engineering; Joseph H. Keenan, Stevens Institute 
of Technology; J. J. Eames and Dean Fales, Massachusetts Institute of 
Technology; J. E. Emswiler and C. H. Fessenden, University of Michi¬ 
gan; R. L. Daugherty, California Institute of Technology; R. S. King, 
Georgia Institute of Technology; F. W. Marquis, Ohio State University; 
Harry L. Parr, Columbia University; W. Trinks, Carnegie Institute of 
Technology; Herman Diederichs, Sibley School of Engineering, Cornell 
University; N. C. Miller, Rutgers University; Charles F. Shoop, Univer¬ 
sity of Minnesota; R. U. Fittz, Tufts College; F. H. Vose, Case School of 
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Applied Science; the late A. J. Wood, Pennsylvania State College; G. S. 
Wilson, University of Washington; the late E. H. Lockwood, Yale 
University; J. P. Calderwood, Kansas State College; A. A. Potter, Presi¬ 
dent, American Society of Mechanical Engineers; S. A. Moss, Thomson 
Research Laboratory, General Electric Company; Francis Hodgkinson, 
Westinghouse Electric and Manufacturing Company; John York, Stone 
and Webster Engineering Corporation; R. E. Sprenkle, Bailey Meter 
Company; G. A. Stetson, Editor, Mechanical Engineering, and J. F. 
Wostrel, Massachusetts Department of Education. 

The author is always glad to answer correspondence with teachers 
and engineers relating to questions that arise in testing work but that 
cannot be taken up in detail in a book of moderate size. 

Information regarding typographical errors in any part of the book, 
but especially in the Testing Codes, and suggestions in regard to sub¬ 
ject matter that will add to the usefulness of the book to engineers and 
students will be gladly received. 

An unusually complete index has been prepared for this edition with 
the intention of making a reference handbook on the testing of prime 
movers and other mechanical equipment of power plants. 

James Ambrose Moyer. 

State House, Boston, Mass., 

Mayy 1934. 



PREFACE TO THE FIRST EDITION 


In the preparation of this book the object in view has been primarily 
to give in a small volume, somewhat in detail, the generally approved 
methods of testing engines, turbines, boilers, and the auxiliary machinery 
usually found in power plants, as well as to present more or less complete 
descriptions of the various kinds of apparatus used and the calibrations 
required for accurate testing. In addition to this subject matter, chap¬ 
ters have been prepared on the testing of fuels, refrigerating and hydraulic 
machinery, as well as centrifugal fans, air compressors, and lubricants. 

As a book for students in laboratory courses it is intended particularly 
for use in large classes in which at the beginning of the laboratory periods 
it is necessary to begin at the same time a number of different experi¬ 
ments and tests. On this account care has been taken to state as clearly 
as possible the descriptions of the apparatus to be used and the precau¬ 
tions to be observed to secure accuracy in the results. Students should 
be expected, however, to rely to some extent on their own initiative. 

In most respects the book is probably complete enough in descriptive 
matter and in general instructions so that very little lecture-room work 
is needed for at least elementary courses. It is the author^s opinion that 
students in experimental engineering laboratories should not receive a 
great deal of assistance in planning and conducting tests. Sometime they 
must learn to be resourceful and independent of the ‘^school” type of 
instruction, and obviously the sooner this is appreciated by both instruc¬ 
tors and students the greater will be the benefits. At least for very small 
classes the better plan is the one advocated years ago by a famous educa¬ 
tor, that students working in laboratories when assigned the work of test¬ 
ing a machine, a new type of airplane engine, for example, should have 
very simple instructions such as: ‘‘Make tests of this new type of engine, 
find out what you can about it and report your results.'^ It is to be hoped 
that the particular method of teaching in laboratories, known familiarly 
as “feeding with a spoon,^’ has disappeared in present-day instruction in 
technical schools and colleges. 

Quite a large part of the training required for one to become accurate 
and reliable in the work of observing and interpreting the results of tests 
of machinery consists in becoming familiar with the details of the adjust¬ 
ment and calibration of the various instruments, so that they may be 
used intelligently. 

Although in the arrangement of the chapters the use of the book by 
students was given the most careful consideration, yet as a whole the 

vii 
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needs of the ‘‘practicar^ man were not lost sight of, and it is hoped that 
the author^s experience when working with this group of readers in testing 
both large and small power plants has helped to make the book inter¬ 
esting and helpful to them. The book is intended to be also a manual 
giving useful information in a more or less limited way to those profes¬ 
sional engineers having the advantages of a technical training, but who 
are not thoroughly familiar with the most up-to-date methods of testing. 

In many cases not nearly all the results that should be calculated to 
make up a complete report are mentioned. It is the opinion of the 
author that in a textbook it is desirable that no more than very general 
instruction should be given regarding the conduct of the test, the quan¬ 
tities to be calculated, and the form and tabulations expected in a report. 
Such details should be left in the hands of the instructor. Because the 
size of the book was limited it was necessary to omit explanations of the 
methods of calculating many interesting and more or less applicable 
results from tests. In the more extended courses it is believed that the 
instructors can readily fill in these omissions. 

The author is particularly indebted in the preparation of this book 
to Dean M. E. Cooley and Professor J. R. Allen, of the University of 
Michigan; Professor L. S. Marks, of Harvard University; Professor H. W. 
Spangler, of the University of Pennsylvania; Dean W. F. M. Goss, of 
the University of Illinois; Professor C. H. Peabody, of the Massachusetts 
Institute of Technology; Professor L. V. Ludy, of Purdue University; 
Professor A. M. Greene, of Rensselaer Polytechnic Institute; Professor 
C. C. Lorentzen, of New York University; Professor E. J. Fermier, of the 
Mechanical and Agricultural College of Texas; Professor E. A. Fessenden, 
of the University of Missouri; Professor F. H. Sibley, of the University of 
Alabama; Dr. C. P. Steinmetz and Mr. Richard H. Rice, of the General 
Electric Company; Mr. H. R. Kent, Vice-president, Westinghouse, 
Church, Kerr & Company; Mr. J. R. Bibbins, of the Arnold Company; 
Mr. R. A. Smart, of the Westinghouse Machine Company; Mr. St. John 
Chilton, of the Allis-Chalmers Company; and Mr. G. E. Wallis, New 
York City. 

James Ambrose Moyer. 

Ann Arbor, Micii., 

Auguaiy 1911 . 
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CHAPTER I 

MEASUREMENT OF PRESSURE 

The simplest instrument used for measuring pressure is a glass tube 
bent into the shape of the letter U, as illustrated in Fig. 1. When such 
a tube, called a manometer or U-tube, is partly filled 
with a liquid, usually water or mercury, and is connected 
as at A in the figure by means of tubing to the container 
in which the pressure is desired, there will be observed a 
difference in the level of the liquid corresponding to the 
pressure. If the end of the tube at B is open to the 
atmosphere, then the difference in the 
level of the liquid in the two branches of 
the U-tube called ‘'legs” measured in 
inches, multiplied by the weight of a 
cubic inch of the liquid in pounds, gives 
the difference in pressure in pou7ids per 
square inch between that in the contain¬ 
er and atmospheric pressure. When , , 

, - , . , , • 1 • 1 1 ineoBunng 

the level in the leg B is higher than in pressures. 

A, then the pressure measured is greater 
than atmospheric and is called gage pressure^ to dis¬ 
tinguish it from the other condition when the level in the 
leg A is higher than in R, that is, when the pressure is 
less than atmospheric. In the latter case we speak of 
vacuum or negative pressure. 

As such instruments are usually constructed, a scale 
suitably graduated for measuring the difference between 
the levels of the liquid in the tube is placed between the 
two legs, as shown in Fig. 2. Still another type is illus- 
Fiq. 2.-— Me- trated in Fig. 3. In a manometer of this kind one leg 

nometer or U-tube . , i . -p .. . t i , . 

with graduated Can be made very short if it is correspondingly large in 

diameter. If the short leg of a manometer is made large 
* The ordinary pressure gage (see pp. 14 and 17) indicates how much the pressure 
that is being measured is above the atmospheric pressure. The pressure as shown by 
a gage (gage pressure) added to atmospheric pressure is called total or absolute 
pressure. 
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enough in diameter to have a practically invariable level, and the 
scale is set with its zero at the level in the short leg, then the 
level in the long leg will indicate directly inches of pressure or of 
vacuum, as the case may be. A commercially made vacuum gage of 
this kind is shown in Fig. 4. The end of the tube corresponding to the 
short leg in Fig. 3 is shown at A. When manometers are to be used for 
pressure or vacuum measurements of steam, a condensation trap (B, Fig. 



Fig. 3. 




Fig. 4. 

Typical mercury vacuum gages. 


5) is often employed to prevent the passage of steam into the glass tube, 
in which it would form a water column on the top of the mercury, for 
which a correction^ would have to be made. To be effective, the conden¬ 
sation trap B must always be partly filled with water. It must not, how¬ 
ever, be allowed to become completely filled so as to discharge water 
through the pipe D joining the trap with the glass vacuum tube. A glass 

^ Correction for water on the top of a mercury column is most conveniently made 
by dividing the length of the water column by the specific gravity of mercury (13.6) 
and adding this equivalent length to the mercury column on which the water rests. 
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tube E, called a water gage, shows the level of the water in the trap 
and should always be kept clean. Cock C is provided for draining off 
excess of condensation. 

The graduated scales on vacuum gages, like Figs. 3, 4, and 5, must be 
adjustable so that the zero can be made to coincide exactly with the 
level of the mercury when both legs are open to atmospheric pressure. 
Scales are usually arranged to be raised and lowered by turning a milled 
knob, like K in Fig. 5, which is connected by a screw thread to the scale. 
Vacuum gages, like Fig. 3, without ready means for adjustment cannot 
be arranged to indicate accurately vacuums that are varying, because 



Fici. 6.—Curve of capillarity corrections for mercury columns. 

the measure of the vacuum is the difference in level between the columns 
in the two legs. In all vacuum manometers, unless the area of the reser¬ 
voir is very large, either the scale must be shifted or the level in the reser¬ 
voir changed for varying magnitudes of vacuum. 

Manometers or U-tubes of very small diameter when filled with mer¬ 
cury may be affected by capillarity to such an extent that, in order to 
obtain the true height corresponding to the pressure, a correction must 
be added. It is not at all unusual to find manometers used for vacuum 
gages to be comparatively small in diameter, and, unless the graduations 
of the scale have been corrected for the error due to capillarity, the proper 
allowances must be made for all observations. Figure 6 shows by a curve 
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the values of this correction as determined by Pullen for mercury columns 
of various diameters. 

Mercury columns should be read at the top of the meniscus and water 
columns should be read at the bottom. In this way, except in very 
small tubes, the errors due to capillarity may be regarded as negligible. 
If the graduated scale is made to lap over nearly half the width of the tube 
on each side, as illustrated in Fig. 2, and all the observations are taken at 
the meniscus in the middle of the tube, a remarkable degree of accuracy is 
obtainable. 

Correcting the Readings of Mercury Columns.—For calculations 
relating to the Power Test Codes of the American Society of Mechanical 
Engineers (A.S.M.E.), the height of all mercury columns must be 
corrected to the value which would be obtained if each mercury column 
were at the temperature of 32°F. 

The height of any mercury column is to be measured by a scale reading 
standard inches. The correction for the temperature of the scale is small 
and therefore is not always necessary in engineering work. 


Table I.—Temperature Corrections for Barometers and Mercury Columns 


Temperature of 
column, degrees 
Fahrenheit 

Observed reading of column, inches of mercury 


18 

20 

22 

add 

24 

26 

28 

30 

j 32 

-20 

0.07 

0.08 

0.09 

0.10 

0.11 

0.11 

0.12 

0.13 

0.14 

-10 

0.06 

0.06 

0.07 

0.08 

0.08 

0.09 

0.10 

0.11 

0.11 

0 

0.04 

0.05 

0.05 

0.06 

0.06 

0.07 

0,07 

0.08 

0.08 

10 

0.03 

0.03 

0.03 

0.04 

0.04 

0.04 

0.05 

0.05 

0.05 

20 

0.01 

0.01 

0.02 

0.02 

0.02 

0.02 

0,02 

0.02 

0.02 

30 

0.00 

0.00 

0.00 

0.00 

0.00, 

0.00 

0.00 

0.00 

0.00 


Subtract 


35 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.02 

0.02 

0.02 

40 

0.02 

0.02 

0.02 

0.02 

0.02 

0.03 

0.03 

0.03 

0.03 

45 

0.02 

0.03 

0.03 

0.03 

0.04 

0,04 

0.04 

0.04 

0.05 

50 

0.03 

0.03 

0.04 

0.04 

0.05 

0.05 

0.05 

0.06 

0.06 

55 

0.04 

0.04 

0.05 

0.05 

0.06 

0.06 

0.07 

0,07 

0,08 

60 

0.05 

0.05 

0.06 

0.06 

0.07 

0.07 

0.08 

0.08 

0.09 

65 

0.05 

0.06 

0.07 

0.07 

0.08 

0.09 

0.09 

0.10 

0.10 

70 

0.06 

0.07 

0.07 

0.08 

0.09 

0.10 

0.10 

0.11 

0.12 

75 

0.07 

0.07 

0.08 

0.09 

0.10 

0.11 

0.12 

0.13 

0.13 

80 

0.07 

0.08 

0.09 

0.10 

0.11 

0.12 

0.13 

0.14 

0.15 

85 

0.08 

0.09 

0.10 

0.11 

0.12 

0.13 

0.14 

0.15 

0.16 

90 

0.09 

0.10 

0.11 

0.12 

0.13 

0.14 

0.15 

0.17 

0.18 

95 

0.10 

0.11 

0.12 

0.13 

0.14 

0.16 

0.17 

0.18 

0.19 

100 

0.10 

0.12 

0.13 

0.14 

0.15 

0.17 

0.18 

0.19 

0.20 
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Table I for temperature correction, which was prepared by the U. S. 
Weather Bureau, is “precise and includes a slight correction for tempera¬ 
ture of brass barometer scales.” The reading of a barometer is sometimes 
given to the nearest thousandth of an inch. It is stated, however, in the 
Test Codes of the A.S.M.E. that the “nearest hundredth of an inch will 


be satisfactory for usual engineering purposes.” 



Mercury barometers are instruments designed to 
measure atmospheric pressure accurately. The one 
shown in Fig. 7 consists of a glass tube, closed at the 
top and enclosed in a metal casing T. The open end of 
the glass tube at the bottom dips into a cup C so that it 
is well below the level of the mercury, with which the 
cup is partly filled. The cup has glass sides and is 
closed at the bottom by a leather bag resting on a 
movable disk. By means of the screw S the level of 
the mercury can be raised or lowered until the surface 
of its meniscus just touches the tip of a fixed ivory 
point P shown in Fig. 7a. Atmospheric pressure acts 



Fio. 7.— Mercury Fig. 7a.—Detail of cup Fig. 7h .—Principle of barometer, 
barometer. in mercury barometer. 


upon the mercury in the cup so that the height of the mercury column in 
the tube which is thoroughly exhausted of air is a measure of this pressure. 
A vernier is generally provided alongside of the scale to assist in accurate 
observations of the height, which is measured to the top of the meniscus. 
For every observation the level of the mercury in the cup C must be 
adjusted accurately to the tip of the ivory point. The equipment of a 
modern power plant is incomplete without a reliable and accurate barom¬ 
eter. The principle of operation of this instrument is illustrated in 
Fig. 76. 

Appreciable pressure differences are sometimes created in the vicinity 
of blowers supplying air to boilers, turbine generators, and similar 
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equipment. Such pressure differences may influence the reading of a 
barometer located nearby. In cases of this kind, the barometer must be 
located close to the mercury vacuum gages on a condenser. Similarly, 
in cases where the barometer and mercury vacuum gages are not at the 
same level, correction must be made for the difference in level. The 
number of feet measuring this difference in elevation of the barometer and 
the gages is measured between the center line of the apparatus under 
test^^ and the barometer cistern level. There is also a correction in some 
cases for the elevation difference of mercury U-tubes (see Table II, 
page 7). 

A mercurial barometer is not a portable instrument, so that it should 
be installed in a permanent place. In usual cases, the barometer should 
be read three times for a test: (1) before, (2) after, and (3) once during the 
period that the test is in progress.^ 

Standard barometric pressure for comparison is now usually taken as 
29.92 inches of mercury at a temperature of 32°F. The recommended 
correction is made by using Table I. Corrections are made for both 
the cubical expansion of mercury (coefficient = 0.000100) and for the 
linear expansion of the scale (coefficient of brass = 0.000011). If H 
is the barometric reading in inches at fY., then the equivalent height 

corrected for temperature to 32°F. is 

__ rr(i (0.000100 - 0.000011)(^ - 32)) 

Ih 14-O.OOOIOOU - 32) /■ 

This equation is equivalent in English units to the standard correction 
adopted by the International Bureau of Weights and Measures.- 

Some observers, however, have adopted 62°F. instead of 32°F. as 
the standard for the brass scale, making the correction considerably 
more complicated. Whether the scale is corrected to 32 or 62°F. 
actually changes the results very little. 

Vacuum measured with a mercury manometer must be corrected to 
standard temperature conditions in the same way as barometer readings 
are corrected. Frequently wooden scales are used on vacuum manom¬ 
eters. If the scale has been cut so that the length is along the grain, 
the expansion is very small (see Table IV in the Appendix) and the 
equation above can be simplified for most practical purposes to 

Ho = H{1 - 0.0001 (t - 32)} 

when 32°F. is the standard for comparison. 

It often happens that there are tens and even hundreds of feet differ¬ 
ence in elevation between the location of the barometer and that of the 

^ According to A.S.M.E. Test Codes, it is permissible, in tests where no special 
accuracy is required, to obtain barometer readings only twice during a test, once 
before and once after. 

* Bboch, Bull, Intern, Bur, Wights and MeaaureSj 1887. 
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vacuum gages. It then becomes necessary to correct the reading of the 
vacuum gages to the elevation of the barometer. The correction is about 
0.11 inch^ per 100 feet for elevations less than 1,000 feet for normal 
power-plant temperatures. For high elevations and extreme tempera¬ 
tures see Table II. This altitude correction is to be added to the vacuum 
reading when the vacuum gage is elevated above the barometer, and 
vice versa. This correction for elevation is often serviceable for determin¬ 
ing the approximate barometer reading at a place where no barometer is 
available, by applying the corrections to the barometer observation at the 
nearest station of the U. S. Weather Bureau. Observations reported 
by the Weather Bureau are at sea level and 32°F. To use these data it is 
therefore necessary to know the elevation above sea level of the place 
where the test is being made, and all observations made with mercury 
columns must be reduced to the equivalent at 32°F. to obtain correct absolute 
pressures (see Report of Power Test Committee of A.S.M.E. in Journal of 
A.S.M.E.j November, 1912, page 1696). 


Table II.—Corkections for Barometers and Pressure Gages, in Inches of 
Mercury for Decrease of Atmospheric Pressure per 100-feet Increase 

in Elevation 


Mean 

altitudes, 

feet 


M('an atruosplKiric temperature, degrees Fahrenheit 


-20 

0 

20 

40 

60 

80 

100 

0 

0.13 

0.12 1 

0.12 

0.11 

0.11 1 

0.10 

0.10 

1,000 

0.12 

0.12 

0.11 

0.11 

0.10 

0.10 

0.10 

2,000 

0.12 

0.11 

0.11 

0.10 

0.10 

0.10 

0.09 

3,000 

0.11 

0.11 

0.10 

0.10 

0.10 

0.09 

0.09 

4,000 

0.11 

0.10 

0.10 

0.10 

0.09 

0.08 

0.08 

5,000 

0.10 

0.10 

0.10 

0.09 

0.09 

0.08 

0.08 

6,000 

0.10 

0.10 

0.09 

0.09 

1 0.08 

0.08 

0.08 

7,000 

0.10 

0.09 

0.09 

0.09 

0.08 

0.08 

0.08 


Obviously, temperature and elevation corrections are avoided when 
the barometer and the vacuum manometer are hung very near each other. 

Precautions in the Reading of Mercury Barometers.—The Power 
Test Committee of the A.S.M.E. has listed the following precautions to 
be observed when taking atmospheric pressure observations with a 
mercury barometer: 

1. The thumbscrew at the bottom of the mercury cup must be 
adjusted so that the top of the mercury just touches the ivory point (P in 
Fig. 7a), and then the slider, carrying the vernier, must be adjusted to 
the extreme top of the mercury-column meniscus. 

1 A cubic foot of air at average atmospheric temperatures weighs about 0.078 
pound or (0.078 X 100) -r 144 = 0.0542 pound per square inch for 100 feet of ele¬ 
vation, which is equivalent to 0.0542 0.4912 or 0.11 inch of mercury per 100 feet. 
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2. Both of these adjustments are best made by placing a piece of white 
paper behind the barometer, and making the adjustment so that the 
thread of white above the mercury first has an appreciable width and is 
then decreased until it just disappears. The ivory point must not make a 
dimple in the mercury. If the mercury in the cup is bright enough, the 
ivory point and its image may be seen to coincide. In making either 
adjustment, if the screw has been turned too far, go back enough to show 
a visible white space, and again start decreasing this space until it 
disappears. 

3. The eye of the observer must always be on the level of the mercury 
being observed. 

4. The tube and the cup must be tapped lightly while making the 
adjustments and taking the reading. 

5. The reading of the vernier must then be found and recorded. Care 
must be taken to record the correct decimal corresponding to the last 
vernier division. This gives the uncorrected barometric pressure. For 
accurate work, reset the ivory point on the mercury level and take a check 
reading. 

Example of a Mercury-barometer Reading, Correction, and Reduction (at 
River Works, Mass., General Electric Company^ 

Inches Mercury 


Uncorrected barometric pressure (actual reading). 29.80 

BaEometer temperature, 75°F. 

Temperature correction (Table I). —0.13 

Calibration correction (must always be made). — 0.01 * 

Barometric pressure (at barometer elevation). 29.66 

Level of barometer cistern below turbine center line, 16 ft. 

Elevation correction (Table II). —0.02 

Barometric pressure at elevation of turbine center line. 29.64 


Reduced reading 29.64 X 0.4912 = 14.56 lb. per sq. in. = 
absolute barometric pressure at elevation of turbine center 
line 

* The original data included a gravity correction of 0.01 inch, which was made to reduce the barometer 
reading to the value which would occur if gravity (at the location of the barometer) had the interna¬ 
tional standard value of 32.1740 feet per second per second." A tabulation of values of this correction 
is given in "Instruments and Apparatus,” A.S.M.E. Test Codes, Part II, Chap. VI, p. 16. 


Calibration of Barometers.—According to the specifications of the 
Test Codes of the A.S.M.E., mercury barometers are to be calibrated 
by comparison with U. S. Weather Bureau readings. It is usually 
desirable to make several comparisons on successive days and use the 
mean calibration correction. 

A mercury barometer is not a portable instrument and should not 
be moved or disturbed during use or calibration and “usually should not 
be taken to a weather bureau station for calibration.'^ The calibration 
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of a mercury barometer shall be made during the course of any *^set of 
tests'' made under the Power Test Codes. 

The difference between the reading of a barometer corrected for tem¬ 
perature and gravity (elevation) by Tables I and II, where tests are made 
and the reading for the same location as obtained from the U. S. Weather 
Bureau information, with the proper corrections for time, distance, and 
elevation, gives the calibration correction which must be applied to each 
reading of the barometer. 

Possible Errors in Mercurial Barometers.—In the case of mercurial 
barometers the error is usually due to one or more of three causes: 
(1) an error in the scale, (2) an error in the scale zero, and (3) the presence 
of air in the glass tube above the mercury. Air in the glass tube or an 
error in the scale will give a variable error, while an error in the scale zero 
will give a constant error. However, the reading of the barometer usually 
varies so little during a period of test that the error due to any of these 
causes may, for engineering purposes, be taken as a constant error. 

Example of Calibration of a Mercury Barometer 


Uncorrectod barometric prcvssure. 29.800 in. mercury 

Check reading. 29.801 in. mercury 

Temperature. 75°F. 

Height of mercury cistern above floor. 3 ft. 

Floor elevation above mean sea level. 16.82 ft. 

Mean uncorrectod reading. 29.80 in. mercury 

Temperature correction (Table I). —0.13 in. mercury 

Elevation correction, 20 ft. at 75°F. (Table II). . . +0.02 in. mercury 

Corrected reading, reduced to sea level. 29.69 in. mercury 


Weather-map reading, reported by Boston station 
of U. S. Weather Bureau 8:00 a.m. Eastern 

Standard Time, June —, -, reduced to sea 

level. 29.68 in. mercury 

Calibration correction. —0.01 in. mercury 

Standard Barometric Pressure for Condensers, Engines, and 
Turbines.—When a rated vacuum or rated back pressure is given, it 
is to be understood, if not otherwise specified, that the standard baro¬ 
metric pressure is 29.92 inches^ of mercury at 32°F., for a locality at sea 
level. 

1 Another standard barometric pressure, which has been described in some text¬ 
books and steam charts, is based upon the assumption that, when the term ‘^30-inch 
barometer” is used, the standard atmospheric pressure of 29.92 inches of mercury 
column at 32®F. is meant. Accordingly, on this basis the given value of 30 inches is 
understood to be 30 inches at some particular condition of temperature, which when 
corrected to 32°F. will give a 29.92-inch mercury column. This temperature has been 
worked out and found to be about 59®F., and systems have therefore been used in 
which all mercury column heights have been reduced to values corresponding to a 
temperature of about 68®F. 
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Table I (page 4) is used in correcting the readings of a barometer, 
mercury gage, or mercury U-tube of any kind. The correction given 
reduces the reading to the value which would be obtained if the mercury 
column were at the standard temperature of 32°F. The table also 
includes a slight correction for the temperature expansion of a brass scale, 
which is taken as being correct at 62°F. The scale-temperature correc¬ 
tion is usually negligible for engineering purposes. To correct observa¬ 
tions of vacuum to equivalent vacuum compared with (or ‘‘referred to’^ 
29.92-inch barometer, the difference between the corrected barometer 
and 29.92 inches is added to the observed vacuum when the barometer 
is less than 29.92 inches and is subtracted when greater than 29.92 inches. 

Aneroid Barometer. — Atmos- 
pheric pressure is sometimes meas¬ 
ured by a mechanical device called 
an aneroid. It is simply a delicate 
pressure gage which is more con¬ 
veniently portable than a mercury 
barometer. 

It depends in principle for its 
operation on the expansion of a 
thin corrugated metal disk which 
responds elastically to a difference 
of pressure on its face. Figure 8 
shows the mechanical details of an 
aneroid. Two corrugated disks are 
joined together at their edges to 
form a vacuum box B thoroughly 
exhausted of air, which is attached 
to the base plate A of the instru¬ 
ment. A so-called “ bridge C spans the vacuum box B. An adjusting 
screw E is provided for setting the aneroid to read correctly for a 
known atmospheric pressure by raising or lowering the bridge C, 
thus slightly adjusting the vacuum box B and therefore the reading of the 
aneroid. A steel spring F slides in the back part of the bridge C and is 
attached to the vacuum box B by means of the knife edge G, The steel 
spring F functions to oppose the tendency of the vacuum box B to col¬ 
lapse. This spring is secured to the base plate so that the upper disk of 
B will move upward or downward with the spring F according to changes 
of atmospheric pressure. A slender arm H is attached to the spring F 
so as to give a magnified movement corresponding to the upward or 
downward movement of the vacuum box JS. An increase in atmospheric 
pressure causes the arm H to move downward and thus rotates 
the regulator J outward from the mechanism. Another arm is set 


This is the method generally used. 



Fig. 8.—Diaphragm mechanism of aneroid 
barometer. 
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in an upward direction from the regulator J which, at its upper end, 
magnifies the movement to be indicated by the instrument. The pin 
L passing through the end of the lever K supports the indicating needle 
(not shown in the figure). A hair spring M is fitted to the pin L to keep 
taut the light chain H connecting the regulator J to the pin L. 

An aneroid barometer should include a device which will compensate 
for temperature changes. If a proper calibration is made, it is permissible 
to use this instrument for work in connection with A.S.M.E. Power Test 
Codes, where accuracy in the determination of barometric pressure is 
not of primary importance.’’ At best, however, the temperature cor¬ 
rection of this kind of instrument is uncertain. Sometimes there is 
appreciable hysteresis (page 27). 

The A.S.M.E. Test Codes recommend that a mercury barometer 
should always be used. In many cases, pressures less than atmospheric 
are given in inches of mercury, vacuum. In such cases, the vacuum 
recorded is that read on the scale of a mercury column. Such vacuum 
readings must be corrected in the same way as barometer readings for 
temperature according to Table I, before subtracting this reading from 
the barometric pressure to obtain the absolute pressure. Such abso¬ 
lute pressures in inches of mercury must always be corrected to 32®F. 
Most engineers place more reliance on aneroids than their accuracy 
permits. 

Precautions in the reading of aneroid barometers are also given as 
follows: 

1. The instrument must be tapped lightly while taking a reading. 

2. The eye must be held directly on a line at right angles to the tip 
of the needle point, to avoid parallax. 

3. Interpolation between the graduations must be made by estima¬ 
tion to give the last figure in the reading. 

4. The instrument must be read in the same position and preferably 
in the same location as when calibrated. 

Recording Barometer or Barograph.—The mechanism of an aneroid 
barometer is designed so that, if the pointer has a pen attached to 
its free end, which will move by clockwork over a sheet of paper revolving 
on a suitable drum, a continuous barometric record is obtained. This 
instrument is, of course, subject to all the inaccuracies of the ordinary 
aneroid barometer, plus those due to lost motion of the pen mechanism 
and pen friction. For direct barometric readings, this instrument is not 
recommended. It may be satisfactorily used, however, in testing work 
in some cases to show variations of barometric pressure during a test, 
often in conjunction with ^^good” barometric readings, obtained by one of 
the approved methods. In this connection, however, it should be 
observed that hysteresis in the instrument as in the aneroid may be a 
disturbing time element. 
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Table III. —Ranges and Permissible Errors of Barometers 


j 

Type of barometer 

Range of scale, 
inches of mercury 

Permissible error, 
inches of mercury 

Mercury barometer. 

25 to 32 

0.001 to 0.002 

Aneroid barometer. 

26 to 32 

0.01 to 0.05 

Recording barometer. 

26 to 32 

0.10 to 0.20 

Weather Bureau information^. 

20 to 32 

0.01 to 0.10 

1 


^ Barometric pressure obtained by telephone or correspondence for an exact time, and carefully 
corrected for difference in elevation and distance, will give results accurate to a hundredth of an inch. 
Uncertainties as to difference in elevation, time, or distance may make errors of a tenth of an inch 
or more. 
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Range and Accuracy of Barometers.—Mercury and aneroid barom¬ 
eters have usually a range of from 25 or 26 to 32 inches of mercury. 
Special barometers for use in mountainous 
regions begin at 15 or 20 inches. Table III 
gives the range of scale in inches of mercury 
and permissible error as a fraction of an inch of 
mercury for the various types of barometers. 

Absolute Pressure Gages.—Simplest forms 
of instruments for indicating directly absolute 
pressure consist of a mercury barometer and 
a vacuum gage placed side by side, with a 
sliding scale between them, as illustrated in 
Fig. 9. When the zero is adjusted so as to be 
exactly opposite the top of the mercury 
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Fig. 9. —Simplest form of 
absolute pressure gage. 


Fig. 9a. —Commercial form of 
absolute pressure gage. 


column in the barometer, the reading on the scale opposite the level 
in the vacuum gage is the absolute pressure. Obviously, the scale 
can be graduated to indicate inches of mercury, pounds per square 
inch, or any similar units of absolute pressure. A simpler commer- 
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cial form of absolute pressure gage is shown in Fig. 9a, designed to 
show the absolute pressure directly without adjustment. Essenti¬ 
ally it is a barometer with only a very short tube provided for the 
mercury column. Instead, however, of having the mercury cup or 
reservoir at the bottom open to atmospheric pressure as in the ordinary 
barometer, the cup C, in this case, is sealed except for the pipe P, which is 
to be connected to the chamber in which the absolute pressure is to be 
measured. Before filling the instrument with mercury, the tube is 
exhausted to a practically perfect vacuum as for a regular-size barometer 
column. When the pipe P is open to atmospheric pressure, the mercury 
column will be forced all the way to the top of the capillary tube; but 
when this pipe is connected to a vacuum chamber, the mercury column 
will gradually fall in proportion to the vacuum in the chamber. If 
the instrument is well made, it should be fairly accurate for the range of 
absolute pressure between 4 pounds per square inch and | pound per 
square inch. Graduations on the left side are inches of mercury and 
on the right pounds per square inch, both measuring absolute pressure. 

Conversion of Pressures.—It is frequently necessary to reduce pres¬ 
sures in inches of mercury or of water to the equivalent in pounds per 
square inch. Since the weight of a cubic inch of mercury at 70°F. 
is 0.4906 pound and of water at the same temperature is 0.0360 pound, 
pressures in inches of mercury at the usual ^^room^^ temperatures can 
be reduced to pounds per square inch by multiplying by 0.491 or by 
dividing by 2.035, and similarly inches of water can be converted to 
pounds per square inch by multiplying by 0.0360 or by dividing by 27.78. 
Centimeters of mercury are reduced to pounds per square inch by multi¬ 
plying by 0.1903. 

Kilograms per square centimeter are reduced to pounds per square 
inch by multiplying the kilograms per square centimeter by 14.223 or 
by dividing by 0.0703. Grams divided by 28.35 are ounces avoirdupois; 
or 1 gram is approximately /a ounce. 

General metric conversion tables are given in Table V in the 
Appendix. 

A cubic foot of water at 70°F. weighs 62.3 pounds and at 30®F., 62.4 
pounds. At ordinary '^room^' temperature the pressure due to 2.31 feet 
of water is equivalent to 1 pound per square inch.^ 

Tubes used as mercury manometers must be cleaned from time to time 
by washing the inside surface with nitric acid and afterward thoroughly 
cleansing them with water. Mercury used in manometers should be free 
from impurities. Usual impurities can generally be removed by filtering 

^ The unit pressure of 1 pound per square inch is equivalent also to that due to a 
column of air of uniform density, of which the vertical height in feet is approximately 
144.0 divided by the weight of a cubic foot of air at the temperature, pressure, and 
humidity as observed. Tables of the weight of air are given on p. 187. ^ 
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Fig. 10.—A typical Bourdon tube. 


through a clean cloth of close texture or a very thin chamois leather. 
Air can be removed by boiling, but by far the best method of cleaning 

mercury is by means of a mer¬ 
cury still. Unfortunately, an 
apparatus of this kind is not 
available in most engineering 
laboratories. 

Pressure Gages. —The large 
size necessary for manometers 
or U-tubes, even if filled with 
the heaviest liquids, makes 
their use generally unsuitable 
except for comparatively low 
pressures. Instruments more 
desirable for high pressures are 
^ made by the application of 

some kind of elastic material 
designed to produce a uniform 
deformation for variations of 
pressure. By connecting a 
suitable auxiliary mechanism 
to the elastic element it can be 
made to move a needle to indicate on a graduated dial the degree of pres¬ 
sure, The most common form of such devices is a hollow brass or steel 
tube bent into the shape of an arc of a 
circle. 

It is a well-known principle that, 
when a straight piece of tubing is bent 
into this shape, the sides come nearer 
together, making the section of the 
tube a very much flattened oval.^ A 
tube of this kind is illustrated in Fig. 

10, which shows also in the right-hand 
corner a transverse section. If one 
end of such a tube is closed and fluid 
'pressure is applied to the inside, the 
parallel sides, as at A and 5, tend to 
separate, and consequently there is a fig. ii.—Mechanism of Bourdon tube 
tendency for the radius of curvature 

of the tube to become larger, thus moving the end at E toward F. By 
connecting a suitable mechanism to E, the degree of pressure can be 
indicated. Instruments of this kind are called Bourdon gages. 

^ For a theoretical discussion of this principle in detail see Theorie der R^ihren- 
feder Manometern, Z. Ver. deut. Ing.y Oct. 29, 1910, pp. 1865-1873. 
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Figure 11 shows one of the simplest forms of such gages used in 
power plants to indicate the pressures. It consists essentially of the 
curved tube T of oval cross section closed at one end. This end is con¬ 
nected by means of suitable levers to a rack R, engaging with a small 
pinion N on the same spindle with the pointer or needle P. Pressure 
applied to the tube T causes the rack and pinion to move over a dial 




Fi«. 12.—The dial of a pressure gage. Flo. 13 .—A modified Bourdon gage. ^ 

(Fig. 12) graduated or marked to indicate pressures in standard units, 
as, for example, pounds per square inch (English system) or kilograms 
per square centimeter (metric system). Gages are usually most sensitive 
and accurate from about one- 
half to two-thirds of the maxi¬ 
mum graduation. The gage 
shown in Fig. 12 is most suit¬ 
able for use between 130 and 175 
pounds per square inch. 

Figure 13 shows a form of 
Bourdon gage in which the 
amount of vibration pf the 
needle due to the jarring that 
occurs in locomotive and other 
portable services has been re¬ 
duced to a minimum by support¬ 
ing the pressure tube in the 
middle instead of at its end as in 
Fig. 11. This form of tube has 
also advantages for use in gages exposed to temperatures below freez¬ 
ing, since the arms can be drained of water, while the other form will 
usually hold the water that has entered. 

In Bourdon gages any lost motion of the parts is taken up by the hair 
spring attached to the spindle carrying the pointer. But the use of a 
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Bourdon pressure gage under conditions of constant vibration due either 
to moving over roads and fields on a tractor or to the fluctuation of pres¬ 
sure in a pipe due to the sharp cut-off of an engine will rapidly wear off 
the teeth of the rack R and of the pinion N (Fig. 11), so that it is not 

unusual to find some gages very 
inaccurate in the portion of the 
scale most used. 

In gages to be used to deter¬ 
mine the pressure of ammonia, 
the oval tube is made of steel 
instead of brass, because the 
latter material deteriorates 
rapidly in the presence of 
ammonia. 

Bourdon gages may be used 
for indicating the pressures of 
liquids, steam, or gases without 
taking any special precautions if 
the temperature is never much 
over 150°F, If, however, the elastic tube in the gage is heated above 
this limit, it is likely to lose some of its temper. When used for steam 
pressure, therefore, some form of siphon or water seal must always be 
used to prevent steam from entering the gage. The forms of siphon 
shown in Figs. 14 and 15 are preferred for accurate measurements, but 
the types used most commonly are illustrated in Figs. 16 to 
18. Ordinarily, brass pipe is preferred to iron, because of 
its better heat conductivity. This suggestion is particu¬ 
larly important for superheated steam, which requires 
a great deal of cooling in order to produce enough con¬ 
densation to protect the gage from excessive heating. In 
the siphons shown in Figs. 16 and 17 there is always a 
possibility, however, that air carried in the steam may 
be entrapped at A, where it forms a ‘‘cushion^’ and 
reduces the water capacity of the siphon. Figure 18 
represents a common and compact device for putting a 
water seal between a steam pipe and a gage. 

Adjustments.—The ratio of motion of the pointer with 
respect to that of the tube can be adjusted in most Bourdon gages by slid¬ 
ing a set screw in a slot in the short arm of the rack lever. In the gage 
illustrated in Fig. 11 when the short arm of the rack lever is made longer 
by adjusting the set screw, the movement of the rack and also of the 
pointer is reduced for a given deflection of the tube. 

Sometimes when used carelessly, especially when subjected to pres¬ 
sures beyond the scale on the dial, the tube of the gage takes a permanent 



Fia. 18.—Sim¬ 
ple water-seal 
steam siphon. 




Examples of ring steam siphons. 
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‘‘set”; or, in other words, it does not spring back to its original position, 
and the pointer does not come back to the zero mark. In such exigencies, 
and also for adjustment after calibration, the needle can be forced 
from its spindle—preferably by the use of a clamp or “needle-jack” 
made by gage manufacturers specially for this service—and then set 
again in position where it should be. 

Another kind of gage in which there is a metallic disk or diaphragm 
instead of a bent tube for actuating the indicating device is sometimes 


used. A simple device of this type'ls 
shown in Fig. 19. It consists of a cor¬ 
rugated diaphragm D clamped around 
its edge by the flanges of an encir¬ 
cling chamber. Pressure applied on 
the lower side of the diaphragm de¬ 
flects it upward, the amount of this 



Fia. 19.—Principle of dia¬ 
phragm gage. 



upward movement being proportional to the pressure. By means of a 
connecting strut S the movement of the diaphragm is communicated to 
a rack R connected to a small pinion P attached to the spindle of the 
needle N intended to indicate the pressure on a graduated dial. The 
gage shown in Fig. 19 is for measuring pressure. The one shown in 
Fig. 20 operates by the same principle but is used for measuring vacuum. 

Since the deflection of the center of the diaphragm is proportional to 
the pressure and is inversely proportional to the cube of its thickness, a 
very slight alteration in the thickness of the diaphragm will cause a 
considerable change in the reading of the gage. 

Hydrostatic pressure must be taken into account in some places, 
particularly when a Bourdon or diaphragm gage is used for determining 
the pressure in a boiler or in a water pipe. For example, if the gage is 
located below the surface of the water in a boiler, the gage will read too 
high, the error being the pressure equivalent to the head of water between 
the surface in the boiler and the center of a gage in a power plant. The 
correction in pounds per square inch is 0.432 times the head in feet. To 
make this correction unnecessary, the gage, if of the Bourdon type, should 
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be located so that its center will be at about the average water level in the 
boiler; and if it is of the diaphragm type, the diaphragm should be at 
about the average water level. 

The practice of choking the gage cock to reduce vibrations of the 
pointer, unless done very carefully, is objectionable, especially when there 
is leakage around the joint of the plug in its cock. Under these circum¬ 
stances the true pressure will be greater than that indicated. 

Tapping a gage, preferably on the back, just enough to move the 
pointer noticeably, is an essential precaution before reading a gage 
having levers, racks, and springs in its mechanism, to be certain that all 
working parts are moving freely (see Report of Power Test Committee 
in Journal of A.SM.E,, November, 1912, pp. 1695-1696). 

Vacuum Gages. —For the measurement of vacuum instead of pressure. 
Bourdon gages are very commonly used. The design for a pressure 
gage is altered only in the arrangement of the levers moving the needle, 
which for vacuum measurements turn the needle in the same direction 
as for pressure (clockwise); but in this case the tube is bent inward 
or toward the center of 'the gage instead of outward as for pressure 
measurements. Vacuum gages are usually graduated to read inches of 
mercury below atmospheric pressure. Absolute pressure in inches of 
mercury is the difference between the barometer and the reading of such 
vacuum gages. 

A vacuum gage is generally used to determine the tightness of vacuum 
lines, condensers, etc. If the line is tight, the gage will show no appre¬ 
ciable diminution of vacuum for several hours, but it drops quickly if 
there are leaks. These are most readily located by bringing a candle 
flame close to all the possible places of leakage. The flame will be drawn 

strongly toward the leaks by the cur¬ 
rent of air which is being drawn into 
the pipe by the vacuum inside. 

Another type known as a compotmd 
gage is used to indicate both pressure 
and vacuum on the same dial. The 
linkages are adjusted differently from 
those in the usual types, in that the posi¬ 
tion of the pointer for zero gage pres¬ 
sure would now be at about the point 
marked 140 in Fig. 12. A compound 
gage is shown in Fig. 21. Gradua¬ 
tions to the left around the dial would be from 0 to 30 inches of mercury 
(vacuum) and, similarly, to the right, from 0 to about 15 pounds per 
square inch. Such a device permits using a gage with a single Bour¬ 
don tube for measuring either vacuum or a considerable range of 
pressure. 
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Differential gages are designed to read pressure difference directly. 
Most commonly they are U-tube manometers (page 4) or equivalent 
devices arranged to have each side (or leg) connected to a source of pres¬ 
sure. The displacement of the liquid columns of the manometer will 
indicate the difference in pressure. In Fig. 190 (page 185) the U-tubes 
marked a are good examples of differential manometers or gages. Such 



gages are very satisfactory for such purposes as measuring the difference 
in pressure on the two sides of an orifice in steam, air, or water pipes. 
Draft gages described on pages 28 to 32 are good examples of the 
differential type. 

Recording Gages. —In many modern power plants recording gages are 
used to give a graphic record on a chart of the pressure or vacuum for 24 
hours. The most common type of recording gage is shown in Fig. 22. 

These gages are made usually in one of the three following forms: (1) 
with a tube of oval section (page 14) in the form of a helix, similar to the 
one shown in the recording thermometer illustrated in Fig. 53 (page 62); 
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(2) with an oval-section metallic Bourdon tube, as shown in Fig. 23; 
or (3) with a diaphragm or syphon-bellows device, as in Fig. 24. In the 
instrument shown in Fig. 24 the diaphragms spread out like an accordion 
when subjected to pressure on the inside. The first and second of these 
three types are generally used where the maximum pressure is greater 
than 3 pounds per square inch and the third when it is less. The record¬ 
ing arm is preferably attached directly to the moving element so that 
no gears, levers, or other multiplying devices are needed. 

The average pressure corresponding to an irregular curve traced on 
the circular card of one of these recording gages is obtained with a fair 
degree of accuracy by integrating the curve by means of integrating 
instruments described on page 112. Corrections to be applied to the 
readings of these gages are, of course, obtained by calibrating in the 
same way as for an indicating gage. 

Calibration of Gages.—Until recent years when the so-called ^^dead¬ 
weight” apparatus for testing gages came into general use, gages used 
in other places than engineering laboratories were commonly calibrated 
by comparison with a so-called test gage. Such test gages have usually 
somewhat finer graduations than the ordinary gages used in practice 
and are probably also adjusted a little more accurately. They should 
never be exposed to the severe conditions of service, being intended 
only for purposes of comparison. This comparison of pressure gages^ 
can be made anywhere by 
connecting the standard 
and the gage to be tested 
to any system of piping in 
which the pressure can be 
varied cither by pumping 
a liquid or by means of 
valves 'Mbrottling” steam, 
water, or air under pres¬ 
sure. The only important 
precaution to observe is 
that the two gages shall be 
at approximately the same 
level when a liquid is used, 
and that the velocity of the 
fluid in the main pipe to 

, . , 1 25.—A bench tost pump. 

which the gages are attach¬ 
ed is negligible or is the same at the points where the connections for 
the gages are inserted in the ^^main” pipe. Test gages must, of course. 



be calibrated from time to time with some standard apparatus to insure 


^ Calibration of vacuum and low-pressure gages is discussed in another section 
(see p. 27). 
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their accuracy. A bench pump suitable for calibrating by comparison 
is shown in Fig. 25. 

Gage Testers. —In very many power plants the test gage has been 
superseded by some form of gage tester and by this means the gages used 

in the plant can be calibrated 
directly with an absolute stand¬ 
ard. Calibrations of gages for 
high pressures by means of 
mercury columns (page 24) are 
for practical reasons suitable 
only for laboratory work. 

Dead-weight Gage Test¬ 
ers. —An apparatus for gage 
testing with dead weights is 
shown in Figs. 26 and 27. 
The latter figure shows a par¬ 
tial section. It consists of a 
vertical cylinder C, into which 
is fitted very accurately a 
Fw. 26.— Crosby dcad^weight gage tester. plunger P, of which the area, 

when new, is exactly one-fifth of a square inch. A circular platform upon 
which weights can be placed is attached to the upper end of this plunger. 
The cylinder C communicates at its lower end with the reservoir R fitted 
with an adjustable piston working in a screw and is operated by a hand 
wheel. A pipe T attached to the lower part of the reservoir is provided 
with unions and special fittings 
for attaching gages of various 
ranges. In the horizontal por¬ 
tion of this pipe there is a 
three-way cock (page 149) or 
valve y either for draining the 
reservoir or for closing the pipe 
so that the liquid in the appa¬ 
ratus will not escape when the 
gage is removed. In operation, 
after the gage has been at¬ 
tached securely, the piston is 
screwed down to the bottom of the reservoir R, then, with the plunger P 
removed, glycerine or heavy oil is poured into the cylinder C at the same 
time that the piston is screwed out. In this way the reservoir can be 
completely filled with oil without entrapping any considerable amount of 
air, which would act as a cushion preventing the most satisfactory opera¬ 
tion of the apparatus. 



Fig. 27.—Section of a dead-weight gage tester. 
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If the area of the plunger P is one-fifth of a square inch, then each 
pound weight added on the platform produces a pressure on the liquid 
of 5 pounds per square inch. The weight of the platform and plunger 
(usually 1 pound) must always be included in the weight producing the 
pressure. As the load on the platform is increased, the piston must, 
from time to time, be screwed in to keep the platform floating.^* 
When observations are being taken, it is essential that the loaded plat¬ 
form be given—preferably by hand—a slight rotary motion to reduce to 
a minimum the friction of the plunger in its cylinder. 

Suggested Procedure with Dead-weight Testers.—The accuracy of 
the gage to be calibrated is determined by subjecting it to known pres¬ 
sures and noting its error. Before the plunger P has been put into place, 
the reading of the gage, called “zero reading,^^ should be observed and 
recorded in a form similar to the one on page 26. Then the pressure 
should be increased 5 pounds per square inch at a time (corresponding 
usually to a weight of 1 pound) up to the limit of the graduations on the 
dial, spinning the piston gently when each reading is taken. Com¬ 
mencing then with the highest pressure, the same operation should be 
repeated by decreasing the pressure by the same increments.^ 

In case there is an appreciable difference between the area of the 
plunger P and its cylinder C, the two areas should be averaged to obtain 
the true area to be used in calculating the unit pressure. In other 
words, the true pressure exerted on the fluid in the apparatus in pounds 
per square inch is the total weight in pounds divided by this average 
area in square inches (Report of Power Test Committee of A.S.M.E., 
November, 1912). 

A modification of the dead-weight gage tester is shown in Fig. 28. 
This instrument is particularly suited for calibrations at high pressures. 
Its range is from 0 to 1,500 pounds per square inch. Any pressure 
within these limits can be obtained without shifting heavy weights. 
Readings are taken when the scale beam is balanced. The hand wheel A 

* When the pressure is being decreased, the movement of the pointer must be 
always in a counterclockwise direction just before a reading is taken. In other words, 
if a weight of 2 pounds has been taken from the load on the plunger when only 1 pound 
should have been removed, the pointer will, of course, get below the next point to be 
calibrated. To secure the reading missed, it will not be correct to add 1 pound and 
take the reading, because the friction and lost motion will now be in the same direction 
as with increasing pressures; and to overcome this difficulty the pressure must be 
increased again to a value higher than that for which the reading is to be taken. For 
the purpose of increasing the weight it is not necessary to put on more weights, as 
additional load in such cases can be put on by the pressure of the hand. 

The same precautions apply with even greater force to calibrations made with 
test gages or with a mercury column. With either of these instruments, discrepancies 
may occur with increasing or decreasing pressures. In fact, the only certain way to 
get satisfactory results with these instruments is to keep the pointer of the gage or 
the mercury column, as the case may be, moving continually in the same direction. 
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18 used to regulate the fluid pressure by means of a piston as in the appara- 



Fig. 28.—Crosby portable fluid pressure scales. 


tus shown in Figs. 26 and 
27. The other hand wheel 
B shown in the figure must 
be kept rotating when ob¬ 
servations are taken. The 
slight jarring of the parts 
due to its rotation serves 
to make the friction as 
small as possible. Partic¬ 
ularly in gages badly worn 
from severe usage, it is 
necessary to tap the back 
of the casing of the gage 
lightly before each reading 
is taken to be certain that 
the pointer is moving 
freely. 

For still higher pres¬ 
sures up to 12,000 pounds 
per square inch, a heavy 
stationary type, shown in 
Fig. 29, can be used 


Calibration of Gages with Mercury Columns. The ultimate standard 


for the determination of reasonably 
high pressures is the mercury column, 
but the apparatus required is so com¬ 
plicated and occupies so much space 
that this method is suitable only for 
use in laboratories where it will have 
the attention of skilled observers. 

For calibrating steam gages, mer¬ 
cury columns have been fitted up 
in a variety of ways. The simplest 
method connects the gage to be 
tested, by means of a short tube, to 
a “closed” mercury well, into the 
top of which a long glass tube has 
been inserted. The pressure can 
then be increased by displacing some 
of the mercury in the well by means 
of the plunger in the mercury pump, 
shown at the right-hand side of Fig. 



f. 29.—Fluid pressure scales for high 


30, and forcing it up into the glass 


pressures. 
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tube. Zero pressure for comparison is to be taken on the column at the 
same level as the center of the gage. Beginning then with 5 pounds per 
square inch pressure on the 
gage, observe the corre¬ 
sponding height of the 
mercury column and its tem¬ 
perature, and then continue 
the observations, first con¬ 
tinually increasing the pres¬ 
sure and then decreasing by 
increments of 5 pounds, as 
indicated by the gage. 

Equivalent units for cali¬ 
bration can be computed 
from the height of the mer¬ 
cury column, since 1 inch of 
mercury at 70°F. is equiva¬ 
lent to a pressure of 0.4906^ 
pound per square inch. 

When a mercury-testing 
apparatus is used, it is nec¬ 
essary to observe the tem¬ 
perature near the mercury 
column in the room in which 
the work is being done, so 
that the observed height of 
the mercury column can be 
corrected to a temperature 
at which the relation between pressure in pounds per square inch and 
height is known. The coefficient of cubical expansion of mercury is not 
constant, as will be observed in Table IV. 



Fig. 30.—Standard mercury column and hand pump. 


Table IV.— Coefficients of Cubical P^xpanbion of Mercury 


Tiiinperature, 

Degrees 

Fahrenheit 

32 

50 

70 

90 

no 


Coefficient of 
Cubical 
Expansion 
0.0000998 
0.0001000 
0.0001002 
0.0001004 
0.0001007 


For very accurate work, allowance must be made for the linear expan¬ 
sion of the graduated scale. Coefficients of expansion of metals are 
given in the Appendix, Table IV. 

^ This value must not be confused with the weight of a cubic inch of mercury at 
32°F. for barometer correction (p. 8), which is 0.4912 pound. 
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Observations taken in the calibration of a steam gage should be 
recorded and the computed errors tabulated in a form similar to the 
following: 

Calibration op Pressure Gage Comparison with Gage Tester 

Date.Observers. 

Maker of gage.Maker’s No. 

Laboratory No.Limits of graduation. 


No. of 
reading 

Weight on 
tester, 
pounds 

Gage readings, pounds per square 
inch 

Actual 
pressure, 
pounds per 
square inch 

Mean error 
of gage, 
pounds per 
square inch* 

Ilemarks 

Up 

Down 

Mean 










* When the sign is +, the correction (“error”) should be added, and when —, should be subtracted 
from the observed reading. 


The error of the gage is determined by the comparison of the moan of 
the up and down readings with the actual pressure. 



Mean Gage Readings Lbs. per Sq.ln. 

Fig. 31.—Typical error curve for a pressure gage. 

Curves. —From the data tabulated above two curves are usually 
plotted: 
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1. Mean gage readings (abscissas) and actual pressures (ordinates). 
Use a large sheet of coordinate paper for this curve. Unless plotted to a 
very large scale, however, such a curve will be of little value. 

2. Error Curve. —Mean gage readings (abscissas) and mean correc¬ 
tions, positive and negative (ordinates) (see curve in Fig. 31). Error 
curves should have the points, if very irregular, connected by a broken 
line rather than by a ^^fair” or average curve through them. Never, 
however, try to draw an irregular curve through each of a number of 
scattered points when the points are supposed to follow a definite relation 
or law between the coordinates selected. A '^fair'' curve should then 
be drawn between the irregular points. 

Hysteresis Calibration Loop. —When both increasing and decreasing 
readings of an instrument are plotted on a curve sheet against true or 
standard values, a so-called “hysteresis 
loop” is obtained if the work of calibra- S 
tion is done carefully. An example of | 
such a loop is shown in Fig. 32. The “ 
increasing (“ascending”) values were | 
obtained first and, when plotted, made 2 
the curve dbc. Similarly, decreasing s 
(“descending”) values made the curve © 
cdeA In such a case the lower end of % 
the curve will not usually close. The > 
difference between the increasing and | 
the decreasing values is caused by fric¬ 
tion and lost motion. The calibration Fig. 32.—Hysteresis loop of instrument 
curve is found by plotting a series of readings, 

mean values, such as / in the figure which is the mean of the readings at 
b and d. 

An ideally perfect instrument will have no hysteresis loop in its 
calibration curve, and both increasing and decreasing readings would fall 
on a 45-degree line om in Fig. 32. 

If increasing values had been carried beyond the point c and then 
decreasing values had been observed as at c', the curve c'd'e would have 
been obtained, the value of c' — c being the friction and lost motion in 
the instrument at the highest observed value. 

Calibration of Vacuum and Low-pressure Gages.— A vacuum gage is 
usually calibrated by connecting it to one end of a U-shaped glass tube 
both legs of which are about 30 inches long and are filled to about half 
their length with mercury. The U-tube and the gage are then connected 

^ Obviously, if calibration values arc to be used for correcting indicated values 
of the instrument that are near c on the curve, a more accurate method is to use increas¬ 
ing values larger than at c, and from that higher value begin the curve of decreasing 
values. 
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to the receiver of an air pump or to an aspirator or ejector operated 
by water or steam pressure, such as chemists use for vacuum filtering. 
The aspirator (Figs. 240 and 241, page 267) is really the more convenient 
instrument to use. If the readings of the vacuum gage are correct, they 
will correspond exactly with the difference in the level of the mercury in 
the two legs of the U-tube. 

In case a condensing engine is operating when the calibration of the 
vacuum gage is to be made, both the gage and the glass U-tube may be 
connected to the condenser. A comparison of the readings taken will 
show, under the best possible conditions, the absolute errors of the gage. 
A suitable scale about 30 inches long and accurately graduated should, of 
course, be provided and placed between the two legs of the U-tube.^ 

A low-pressure gage with a scale from, say, 0 to 15 pounds per square 
inch is very easily and accurately calibrated by using the same glass 



U-tube mentioned for the calibration of the vacuum gage with air pres¬ 
sure, preferably, or with steam pressure. Otherwise the method of 
calibration is the same as for a vacuum gage, except that inches of 
pressure instead of inches of vacuum are obser\^ed. 

Draft Gages. —Many engineers use an ordinary glass U-tube manom¬ 
eter filled with water for measuring small pressures like that due to the 
draft in a chimney or that produced in air ducts by ventilating fans or 
blowers. For such observations in many cases, however, greater accuracy 
is desired than can be secured with the ordinary U-tube like Fig. 2, 
and a special form of manometer is used in which the distance moved by 
the surface of the liquid in the tube is greater than the vertical change of 
level. Figure 33 illustrates a simple device of this kind. It consists of a 
bottle By filled with water, having a suitable opening at the bottom to 
which the inclined glass tube CD is attached by means of a short rubber 
tube. At the upper end of this tube a piece of rubber tubing T is shown 
and is intended to be connected to the chimney, duct, or flue in which 

^ When measuring inches of vacuum by means of a single mercury column dipping 
into a cup, the zero is to bo taken at the level of the mercury in the well into which 
the glass vacuum tube enters. The elevation of the gage above the surface of the 
mercury in the well is not to be considered, as the weight of the column of air between 
the center of the gage and the level of the mercury is negligible. For the use of 
vacuum gages on water suction pipes, see sections on Hydraulic Machinery 
(Chap. XXIII). 
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the pressure is to be obtained. A scale placed behind the inclined tube CD 
should be graduated so that, when the spirit level L is adjusted, vertical 
differences in level of the liquid in CD will be indicated by its graduations. 
Then differences in the readings of the scale will give directly the differ¬ 
ence in pressure in inches of water just as with an ordinary U-tube. 
Unless the bottle B is very large in diameter, it is best to mark the gradu¬ 
ations on the scale for every half inch by comparison with a U-tube' 
as in Fig. 2. Intermediate divisions can then be marked with the help 
of dividers. 



oireci « A 

Fig. 34.— Diagram to explain theory of 
inclined manometer. 


Theory of Inclined Draft Gage.—Draft gages are made with one leg inclined 
in order to increase the accuracy of the readings. For example, the readings taken 
from the; draft gage in Fig. 2 <^ari be read 
accurately to the nearest tenth inch and may 
be estimated to liundredths of an inch; while 
if the inclined manometer shown in Fig. 33 
is properly adjusted and calibrated, the read¬ 
ings are accurate to the nearest hundredth 
of an inch and may be estimated to thous¬ 
andths of an inch. Briefly, the reason for 
this greater accuracy of naidings from the 
incliiKid type in comparison with the ordi¬ 
nary manometer is that for the same vertical height a slanting line connecting 
two points at different elevations is longer than a vertical line that could 
measure an equivalent difference in elevation. More accurately, the theory of the 
inclined manometer with a reservoir R may be expressed by the following notation, 
thus: 

A — cross section of reservoir in square inches. 
a — cross section of inclined capillary tube, in square inches. 

Pi = absolute pressure in reservoir R, in pound per square inch. 

P 2 — absolute pre.ssurc in inclined tube, in pound per square inch. 
hi = v(;rtical distance the level in reservoir R vines when the pressure P 2 is slightly 
greater than Pi, in inches. 

h -2 = vertical distance the level in reservoir R falls w'hen the pressure P 2 is slightly 
greater than Pi, in inches. 

h = total vertical displacement of level = hi + A 2 , in inches. 

(i = rise of liquid in inclined leg, measured along tube, in inches. 

Obviously, a pressure difference Pi — P 2 produces a change of level in the inclined 
leg (angle ir in Fig. 34) or Pi — P 2 = h — hi A- h^. 

Since the volume of liquid entering or leaving the reservoir R must be the same as 
the volume leaving or entering the inclined leg, 

h = d^sin w -f 


1 This method for graduating and also for checking the graduations is recommended 
by the Power Test Committee of the A.S.M.E. For this special service the use of 
alcohol is advised instead of water in the U-tube, but allowance must be made for the 
difference in specific gravity between water and alcohol. It would be impracticable 
to use alcohol in gages that are in continuous service, as the ordinary draft gage must 
be open to the air at one end, and the alcohol would very rapidly vaporize. 
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The multiplying factor of the inclined manometer is, then, 

d ^ 1 

h . .a 
sm ^ ^ 

This equation shows that by reducing the angle w the multiplying factor will be 
proportionally increased. The smaller the angle w is, the greater the sensitivity of the 
manometer will be, but accuracy may not be increased in the same proportion because 
the inaccuracies that are caused by sluggishness due to capillarity and difficulties in 
sufficiently exact leveling will be increased. Since alcohol has much less sluggish capil¬ 
larity than water, these troubles are not significant if alcohol is used as the liquid 
in the manometer and the angle w is not much less than 10 degrees. 

Only small pressure ranges are possible with the ordinary type of inclined manom¬ 
eter. For large ranges several manometers of varying ranges may be used in com¬ 
bination, or a special manometer with an adjustable leg, of the kind used in aeronautic 
work,i may be suitably employed. 

Very accurate draft gages of this type, known as Ellison’s, are shown in 
Figs. 34a and 34?). The inclination of the tube in these instruments is 



Fig. 34a.—Ellison's improved draft gage. 



Fig. 346.—Ellison’s differential direct-draft gage for high drafts. 

usually about 1 to 10. Instead of water or alcohol, a very light oil is 
used to fill the tube. It is claimed that this oil has the advantages of 
having less capillarity than water and has less evaporation than either 
water or alcohol. Graduations on these instruments which are sold 
commercially^ are, however, always made to read equivalent inches 

^ Manometers with an adjustable leg are explained in Diederichs and Andrae, 
Experimental Mechanical Engineering,” Vol. I, p. 78. 

2 American Steam Gage and Valve Manufacturing Co., Boston and Chicago. 
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of water. These draft gages are also often used for measuring small 
differences of pressure. For example, if there are two vessels containing 
gases at different pressures and one is connected to the left-hand side 
and the other to the right-hand side of the gage, it will indicate the differ¬ 
ence in pressure. When used in this way, it is called a differential gage 
(see page 19). 

Graduations on all such instruments should be checked by comparison 
with a simple U-tube, filled with distilled water (condensed steam from 
a surface condenser is satisfactory). The U-tube should be provided 
preferably with a steel scale of a recognized standard make. A simple 
device for calibrating is shown in Fig. 35. The draft gage to be tested 
and the U-tube (standard) are connected by rubber tubing to a T-piece B 
of hard-rubber or glass tubing to which suction in varying amounts can 
be applied by putting the free end of the tube in the mouth with the 



pinchcock open and then closing the pinchcock when the desired suction 
is obtained. 

When gages are calibrated, it is worth while to notice that, when 
instruments are to be used to observe practically constant values, it is 
necessary to calibrate them only near the values to be observed. 

Draft gages which have liquids of slightly different densities combined 
so as to magnify the difference in level are sometimes used. Generally 
such an instrument consists of a U-tube with the top ends of very large 
area^ and the connecting portion of small capillary tubing. Obviously, 
the liquids used must have very little tendency to mix together or to 
become diffused. Figure 36a shows one type of such gages. As illus¬ 
trated, the U-tube is first partly filled with the heavier liquid, and after¬ 
ward a lighter liquid is poured into each leg so as to fill completely the 
capillary and also fill partly each of the vessels A and B, The level of 
the separating meniscus on either side can be used as the indicator. Since 
the area of the capillary is very small compared with that of the vessels 
A and B, the indicating meniscus receives quite a large displacement for 
small differences in pressure. If the liquids used are kerosene (specific 
gravity = 0.80) and dilute alcohol (specific gravity = 0.85), the displace¬ 
ment of the separating meniscus due to pressure or vacuum will be about 

^ Preferably these top ends should be made with constant sectional area. 
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twenty times the equivalent inches of water. The alcohol may be 
colored with an aniline dye that is insoluble in kerosene. Instruments 
of this type are usually calibrated and graduated to indicate the pressure 
in inches of water. 

A very delicate draft gage can be made also by using the apparatus 
of Fig. 36a in a little different way, as in Fig. 366. Water is put into A 
and oil into By with the surface of separation originally at Q, when A 



Fia. 30a.—Simplest two- 
fluid type of manometer. 



and B are both subjected to the same pressure. When B is connected 
to a chamber in which there is a vacuum as in the breeching or the chim¬ 
ney of a power plant, the levels arc changed from F to E in B and from 
C to Z) in A. The surface of separation moves from Q to R. Let CD — 
EF = X inches, QR = y inches, and 3 = specific gravity of the oil, then 
the change of pressure p in inches of water in A and B is 

p = a: + + y{\ — s). 


If the areas of A and B are equal and are n times the area of the connect- 

?/ ”1~ 3?/ I 1 I I 

ing tube, then y = nx, and p = - - - + y(l — s) = ?/ --f 1 — .s • 

n L ^ J 

Observe that the smaller the factor in the brackets the greater will 
be the magnification or sensitiveness. The value of n should therefore be 
made as large as possible, say about 100, and the two liquids should be 
preferably of nearly the same specific gravity. Gasoline and denatured 
alcohol diluted with water and colored are frequently used for the two 
liquids. They can be made of nearly the same specific gravity and the 
line of separation is readily observable. If S is the specific gravity of 
the alcohol and s that of the gasoline, obviously 


S A's ^ 1 

p = + S - sj. 


Values of pressure causing a given movement of the line of separation 
may be calculated from the equations above, but actual calibration by 
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comparison with an ordinary U-tube and graduation by exterpolation 
as recommended by the A.S.M.E. Test Codes are always preferable. 

These last types of draft gages are too delicate for ordinary service 
in power plants to measure draft but are particularly well suited for 
use with Pitot tubes (page 184) in measuring air velocities. 



CHAPTER II 


MEASUREMENT OF TEMPERATURE 

Mercurial Thermometers. —Temperatures less than about 500°F. 
are usually measured by means of mercurial thermometers, depending 
for their action on the expansion of mercury in a glass bulb and a gradu¬ 
ated capillary tube.^ The ordinary type is made so as to have merely 
a vacuum in the capillary tube above the mercury. For use at higher 
temperatures the capillary may be filled with nitrogen gas when the 
thermometer is made. It will then be serviceable up to 1000°F. Ther¬ 
mometers made of quartz instead of glass and filled with nitrogen or 
carbonic acid gas can be used for temperatures as high as 1500°F. ^ Quartz 
thermometers are much stronger than those made of glass but are too 
expensive for ordinary commercial use. 

A.S.M.E. Tests of Temperature-measuring Instruments and Appa¬ 
ratus.^ —Under many of the conditions met in power tests the desired 
accuracy in the measurement of temperature can be obtained only 
by observance of suitable precautions in the installation and use of 
temperature-measuring instruments, and in the interpretation of the 
results obtained with them. 

Many of the instruments available for temperature measurements are 
capable of indicating temperature far more accurately than is required 
in most tests. The difficulties in the use of the instruments are due either 
to wrong installation or to careless use. 

^ The best thermometers for ordinary engineering work have graduations etched 
on the stem and filled with ink. This is the type of mercury-in-glass thermometer 
recommended by the Power Test Committee of the A.S.M.E. After considerable use, 
however, the ink originally in the etched markings disappears and it becomes difficult 
to read the scale. When this happens a thick paint made of lampblack and shellac or 
printer’s ink can be rubbed over the etched scale, and when this paint is rubbed off, 
after a few minutes, there will be enough of it left in the etchings to make the scale as 
legible as when new. A crayon or pencil of soft greasy graphite, like those used by 
glaziers for marking glass or by shippers for marking cases, is a satisfactory substitute 
for the paint, although it is not so permanent. 

* The boiling point is dependent upon the pressure on the liquid, and in thermom¬ 
etry the temperature range is often extended by introducing an inert gas such as 
nitrogen into the capillary space above the liquid, thus increasing the pressure on the 
liquid. 

* Abridged from A.S.M.E. Power Test Codes, Instruments and Apparatus, Part III, 
(Approved by Council, February, 1931 and articles in Mech. Eng., March, April, and 
May, 1926. 
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One of the principal sources of error in temperature measurement is 
the natural tendency toward temperature equalization. This tendency 
which causes the flow of heat from regions of higher to regions of lower 
temperature must always be borne in mind, and the effect of any possible 
flow on the reading of the instrument must be determined. For example, 
if a thermometer is inserted in a pipe (Fig. 37a) in which superheated 
steam or a highly heated gas is flowing, it is 
commonly assumed that the thermometer 
acquires the temperature of the steam or gas. 

As a matter of fact, with temperatures be¬ 
tween 500 to 600°F. inside the pipe and tem¬ 
peratures of 50 to 100®F. outside the pipe, 
there may be an error in temperature measure¬ 
ment varying from 1 or 2® to as much as 40 or 
50°F., the thermometer indicating too low a 
temperature. 

Another example of temperature errors is 
furnished by thermocouples. For example, if a 
thermocouple has a metallic protecting tube 
which projects into a vessel, duct, or pipe con¬ 
taining a fluid at a temperature lower than the 
surroundings, heat will flow along the leads of 
the thermocouple and along the protecting tube Fig. 37a.—Plain thermometer 
from the surroundings to the fluid and the ther¬ 
mocouple may have a temperature higher than that of the fluid being 
measured.^ 

Another source of error in the measurement of temperature during a 
test is due to failure to take account of a variable rate of flow of the 
material the temperature of which is being measured. As an example, 
assume that the average temperature of the feed water entering a boiler 

* Neglect to consider mass flow when measuring the average temperature of fluids 
flowing in a conduit may result in an error of another nature. As an example, assume 
that it is desired to determine the average temperature of hot gases flowing in a 
horizontal direction through a flue of large cross section, say, 10 by 10 feet. Assume 
that preliminary tests have shown that there is quite a variation in temperature of 
gas between different elevations in the flue and that the engineer has decided to obtain 
the average temperature ])y stringing a wire back and forth across the section of the 
flue and using this wire as a resistance ihcrimimier (p. 65). This would seem at first 
sight to meet all the requirements, but the possibility of error is very large. If it is 
assumed that the wire does correctly average the temperature over the cross section— 
an assumption open to serious question—a large error is still p)ossible. In all prob¬ 
ability the higher tempera tures will be found at the top of the flue, and it may be that 
the connections are such that the velocity of gases at the top of the flue will be much 
greater than that of gases at the bottom. The average temperature of the gases 
flowing through the flue will under such conditions be higher than the average temper¬ 
ature of the cross section, if mass flow is not taken into account. 
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is to be measured during a boiler test, and that the feed pump is practi¬ 
cally shut down while the fires are being cleaned. Obviously, the 
measurement of the temperature of the feed water at stated intervals of 
time will not give data for determining the average temperature of the 
water entering the boiler, if the water temperature is greatly different 
at low rates of flow from what it is under normal conditions. In such 
a case the temperature should be measured every time that a stated 
amount of water has passed a certain point in the feed system, as, for 
example, every time, or every second time, that the tanks for weighing 
feed water are emptied. 

The reduction in the rate of flow of a fluid, especially in small pipes, may produce a 
considerable error in the observed temperature. In fact it is possible to have an 
increase in the apparent temperature of feed water as much as 100 or even 2(K)°F. 
during a period of very small flow in the pipe. Sometimes it is impossible to obtain 
the correct temperature in a hoiler-^feed pipe running near and parallel to a boiler 
setting. The reason for this is that the conduction of heat from the boiler along the 
feed-pipe walls is likely to increase considerably the reading of a thermometer located 
in the pipe, without affecting to the same extent the temperature of the water flowing 
at low velocities through the pipe. In a case of this kind, a temperature measurement 
with a mercury-filled thermometer and well should be avoided and, if a pc^rmanent 
installation is desirable, a resistance thermometer or a thermocouple may be used 
with less error. 

Similar difficulties in the measurement of the temperature of gases in ducts where 
the velocity is quite low may be remedied by artificially creating a relatively high 
velocity of flow of the gases past the temperature-measuring element. By thus 
increasing the velocity, the errors due to radiation may be reduced. 

Types of Temperature-measuring Instruments. —Mercury- or alcohol- 
filled thermometers are ordinarily used for low-temperature measure¬ 
ments and for this reason in low-temperature work one ordinarily thinks 
of a thermometer as the suitable temperature-measuring instrument. 
Without apparently good reason, instruments for measuring high tem¬ 
peratures are commonly spoken of as pyrometersy the fact that 
electric-resistance thermometers may be suitable for very low as well 
as very high temperatures being neglected. The following types of 
temperature-measuring instruments are recommended by the Power Test 
Committee of the A.S.M.E. for use in testing: (1) Thermocouple pyrom¬ 
eters (page 63), in which the voltage generated at the junction of two 
dissimilar metal wires indicates the degree of temperature, the voltage 
at the junction increasing proportionally with the temperature. (2) 
Resistance thermometers (page 65), in which the resistance of a calibrated 
wire changes with the temperature, the resistance change being propor¬ 
tional to the increase in temperature. (3) Liquid-filled glass thermometers, 
in which there is an expansion or contraction of a liquid corresponding to 
changes in temperature, the expansion of the liquid being proportional 
to the increase in temperature. The liquids commonly used in such 
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thermometers are mercury, alcohol, or pentane. (4) Bourdon tube 
thermometers (page 59), which operate by the expansion of a fluid 
(liquid or gas) as follows: (a) expansion of a liquid that completely fills 
the enclosed tubing and bulb of the instrument, (5) expansion of the 
liquid in the hulh of the instrument, (c) expansion of a gas that completely 
fills the tubing and bulb of the instrument. (5) Radiation pyrometers 
(page 67), in which there is a small body capable of absorbing radiation 
of all wave lengths, the radiation absorbed being proportional to the 
temperature. (6) Optical pyrometers (page 69), by which temperature 
is determined by matching the luminosity of the hot body of which the 
temperature is to be determined with the luminosity of a calibrated source 
of light. (7) Pyrometer cones (page 70), by which temperature is deter¬ 
mined by the bending over of a graded set of ceramic cones, each having 
a definite heat-resisting value. (8) Bimetallic thermometers (page 66), 
which depend for their operation on the differential expansion of two 
solids (usually metals), the differential expansion being proportional to 
the increase in temperature. The Power Test Code Committee of the 
A.S.M.K., however, docs not recommend bimetallic thermometers. 

Accuracy of Temperature-measuring Instruments. —The recom¬ 
mended types of temperature-measuring instruments described in the 
last paragraphs are listed as in Table V for temperature ranges and limits 
of error. 

For low-temperat ure work mercury thermometers are generally pre¬ 
ferred, as they can be made to almost any degree of accuracy required. 
When provided with a delicate galvanometer, electric-resistance thermom¬ 
eters can be used with a very high degree of accuracy, and, in fact, tem- 
perature differences can be determined with them very much more 
accurately than with the best mercury thermometers. Next in degree of 
accuracy to electric-resistance and mercury thermometers are probably 
thermoelectric pyrometers; and it is interesting that a pyrometer of this 
kind can be readily made by twisting together at their ends rods of 
wrought iron and nickel. It is essential that the ends should be welded, 
as welding (preferably electric) gives the couple greater permanency, 
by preventing the accumulation of dust from interfering with electrical 
conductivity. The loose ends can be connected up to the binding posts 
of a millivoltmeter by insulated copper wires and calibrated. The only 
disadvantage will be that it will not have a scale reading directly in 
degrees of temperature. The wrought-iron and nickel rods should be 
covered with a winding of asbestos tape to keep them separated. 

Calibration of Temperature-measuring Instruments under Conditions 
of Service. —Whenever possible, the calibration of a temperature-measur¬ 
ing instrument should be made as nearly as possible under the conditions 
of actual service. For example, a mercury-filled thermometer should be 
calibrated in the same thermometer well in which it is to be used in tests 
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Table V.—Temperature Range and Error Limits of Thermometer Types 


Type 

Temperature 
range, degrees 
Fahrenheit 

Limits of error, 
degrees Fahrenheit 

Thermocouple pyrometers: 



(a) Base metal. 

300 to 2,000 

2 to 20 (base metal 
and rare metal) 

(b) Rare metal. 

300 to 2,800 

Limits of error de¬ 
pend on indicating 
instrument 

Electric-resistance i hermometers. 

Liquid-in-glass thermometers: 

-300 to 1,800 

0.005 to 5 
Depend on indicat¬ 
ing instrument 

(a) Ordinary glass, mercury filled. 

-35 to 750 

0.5 to 7 

(h) Corning or Jena glass and nitrogen filled. 

Bourdon-tube thermometers: 

(a) Liquid-filled type: 

— 35 to 925 

0.5 to 7 

Alcohol filled. 

-50 to 300 

2 to 10 

Mercury filled. 

(6) Vapor-pressure type: 

-38 to 1,000 

2 to 10 

Alcohol filled. 

200 to 400 

2 to 10 

Ether filled. 

100 to 300 

2 to 10 

Sulphur dioxide filled. 

20 to 250 

2 to 10 

Aniline filled. 

400 to 700 

2 to lO 

Methyl ether filled. 

(c) Gas-filled type: 

-20 to 200 

2 to 10 

Nitrogen filled. 

-60 to 1,000 

2 to 10 

Radiation pyroiiKiters. 

Oyer 1,000 

20 to 30 for black- 
body conditions 

Optical pyrometers. 

1,500 and up 

15 to 35 

Pyrometer cones. 

1,100 to 3,600 

About 15 to 30 in 
best makes 


so that the exact conditions of emergent stem exposure (page 45) and 
temperature of surrounding air will be duplicated. Obviously, for 
calibration, approximately the same accuracy can be obtained if an identi¬ 
cal thermometer well is used. 

For temperature measurements of highly heated gases or superheated 
vapors, finned thermometer wells (page 39) are required in order to 
obtain accuracy in temperature measuring. The fins on such wells will 
compensate to some extent for the lower rate of heat transfer from a gas 
or superheated vapor to the bulb within the well as compared with the 
rate of heat transfer from a liquid or from a saturated vapor to the bulb 
within the well. 
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Radiation of heat between bodies at different temperatures is a prolific source of 
error. If a temperature-measuring instrument is immersed in a fluid and there are 
bodies nearby which are at higher or lower temperatures, the probabilities are against 
the correctness of the temperature measurements with this instrument. For example, 
if a gaseous material is being heated by allowing it to flow through a tube with walls 
at a temperature higher than that of the material, a thermocouple immersed in the 
flowing gas may actually be at a temperature higher than that of the gas because of 
the heat radiated to it by the hot walls of the tube. Or if a thermocouple is used to 
measure the temperature of products of combustion flowing through a boiler and is so 
located that it can “see” a cooler heating surface of the boiler, it will be at a lower 
temperature than the gases. Experiment shows that radiation to the colder heating 
surfaces of a boiler may cause a thermocouple to indicate temperatures as much as 
150°F. too low when immersed in flue gases at a temperature of about 600°F. 

Thermometer Wells. —Under all conditions, methods of temperature 
measurement which do not involve the use of thermometer wells between 
the medium and instruments are to be preferred. Unfortunately, they 
are not always possible under conditions governing the making of power 
tests. When thermometer wells are used, the following precautions must 
be observed, particularly when the temperature being measured differs 
greatly, say, 50°F. or more, from that of the surroundings: 

1. The part of thtj well projecting beyond the container must be as small as possible 
so as to eliminate heat transh^r to or from surroundings. 

2. The exposed parts of the thermometer 
well should be covered with thermal insulat¬ 
ing material of a kind appropriate to the 
temperatures being dealt with. The pipe 
wall or equivalent should also be well in¬ 
sulated for some distance from the ther¬ 
mometer well if this is not already the case 
and if the placing of such insulation will not 
materially affect the conditions of the test. 

3. The upper end of a thermometer well 
if not well insulated, especially if project¬ 
ing an inch or more beyond the wall of the 
pipe in which the fluid temperature is 
desired, may cause an error of as much as 
60°F., for inside temperatures of, say, 600°F. 
and outsid(^ of 50°F. Such an error will be 
caused by the heat loss from the upper end 
of the well owing to heat transfer to the pipe 
wall and to the air surrounding the project¬ 
ing end of the thermometer well. 

4. The thermometer well should ordinarily be so constructed that it has the 
smallest possible metallic section consistent with the necessary strength just inside 
the wall of the pipe. This will tend to reduce the quantity of heat which can flow 
along the well with a given temperature difference and, conversely, will tend to main¬ 
tain the maximum possible difference of temperature between opposite ends of the 
well. 

6. The part of the well exposed to the medium of which the temperature is to be 
determined must have the necessary surface to permit it to absorb heat as fast as it is 



Fia. 376.—Finned thermometer well. 
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Flo. 38a.—Plain thermometer well 
and pipe sizes. 


Fig. 38?>.—Finned thermometer well 
and pipe sizes. 



tails of plain ther¬ 
mometer wells for 
gases and super¬ 
heated vapors. 



of finned thermom¬ 
eter wells for gases 
and superheated 
vapors. 



Fig. 38e.— 
Finned well for 
vertical pipes. 
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lost from the exposed end (or to dissipate heat as fast as it is absorbed at the exposed 
end) without necessitating a temperature difference in excess of that consistent with 
the degree of accuracy being sought. 

When it is necessary to use thermometer wells in measuring the tem¬ 
perature of a fluid within a conduit or vessel, the types to be used are as 
follows: 


Fluid 

Liquid 

Saturated vapor 
Gas 

Superheated vapor 


Type of Well 
Plain well (Fig. 37a) 
Plain well (Fig. 37a) 
Finned well (Fig. 376) 
Finned well (Fig. 376) 


The fins on the wdls used with gas and superheated vapor compensate 
more or less for the lower rate of heat transfer from the gas to the ther¬ 
mometer bulb within the well, as compared with the rate of heat transfer 
from a liquid. 

Thermometer-well Dimensions.—Plain wells, which are suitable for 
use in liquids and saturated vapors, are standardized in Table VI. The 
dimensions refer to Figs. 38a and 38c. 

The dimensions of finned w^ells, w^hich are suitable for use in a hori¬ 
zontal pipe carrying gases and superheated vapors, are standardized in 
Table VII and refer to Figs. 386 and 38r/. A finned wdl for use in a 
vertical pipe is showm in Fig. 38c. Dimensions approved by the A.S.M.E. 
are approximately as given in Table VII. 


Table VI.—Dimensions for Plain Thermometer Wells, in Inches 



Pipe size, inches 

i 

i 

1 

A i 

I 

B 

Standard 
pipe thread 

D 

E 

4 to 7. 


1 

i 

4 

3i 


1 

•1 “h 

8 iiTul birtror. . . 



7 

6| 

.1 

n 

5 







Table VII.—Dimensions for Finned Tuermometeh Wells, in Inches 





Standard 






No. 


Pipe size, inches 

A 

B 

pipe 

thread 

D 

E 

F 

G 

H 

of 

fins 

J 

4 to 7. 

4 

35 

1 

2 

1 


16 

A 

A 

15 

A 

8 and larger. 

7 

65 

3 

i 

1 

u 


‘S 

ih 

-h 

21 

i 


Heat-conducting Material for Filling Thermometer Wells. —Ther¬ 
mometer wells intended for the measurement of the temperature of liquids 
are usually filled with a liquid, preferably cylinder oil or machinery 
lubricating oil. The former is suitable also for use with vapors if the 
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temperature does not exceed 300°F. When, therefore, the temperature 
to be measured is so low that the oil does not vaporize and when the 
temperature measured does not fluctuate rapidly, oil may be used. 
When, however, there are rapid fluctuations in temperature, the relatively 
large time lag due to the low thermal conductivity of the oil may cause 
appreciable errors. The most satisfactory materials to be used in steel or 
iron thermometer wells are given in Table VIII. 


Table VIII.— Filling Materials for Temperature Ranges 


Temperature 
Range, Degrees 
Fahrenheit 
Up to 300 
300 to 500 
600 to 1,000 
600 to 1,800 


Filling 
Material 
Cylinder oil 
Mercury 
Solder 1 
Tini 


* When solder or tin is used, the thermometer should be removed from the well at the end of the test 
to prevent damage that may be caused by the solidification of the solder or tin. 


When the pressure in a duct or pipe is approximately atmospheric 
and the temperature is not greater than about 475°F., a thermometer 
may be inserted in a hole made in a rubber stopper (page 267), and then 
the thermometer and its stopper may be placed in a suitable hole in a 
duct or pipe for temperature measurement. 


When bare (unprotected) thermocouples or resistance thermometers in which 
the sensitive element is connected to an indicator of some sort hy metallic wires or 
tubes are immersed in material having a temperature greatly different from that of 
the region through whitdi the metallic connector runs on its way to the indicator, 
conduction of heat along such metallic parts should be minimized by running them 
for a sufficient distance through an isothermal zone. 

Imagine, for example, that gas is flowing through a flue of circular section as shown 
in Fig. 39a and that the temperature falls rapidly from the center toward the wall. 
If a couple is used to measure the temperature of the gas at the center of the flue and 
is installed so that the leads run radially outward as indicated at Aj the temperature 
indicated will be lower than the real temperature for reasons already cxplaincrd. If, 
however, the leads run along the center line of the flue for sufficient distance, as shown 
at Bf the error will be reduced to a negligible amount. Attention is called to the fact 
that the same precautions arc necessary with respect to any clamps or other fastening 
devices which are used to hold temperature-measuring devices in place. The instru¬ 
ment should be thermally insulated from the clamps and the latter should have such 
a shape that they do not conduct any appreciable quantity of heat away from the 
sensitive element and also that they do not cause a local drop in temperature of the 
medium in the neighborhood of the element. 

Radiation Shielding. —When it is necessary to place the sensitive part of a tempera¬ 
ture-measuring device in a position where it can **see'^ surfaces at materially higher 
or lower temperatures than that of the medium in which it is immersed, the installation 
should be so planned as to minimize errors of the kind already described as arising 
from radiation under such conditions. When the material in which the device is 
immersed is flowing, this can be done by surrounding it with one or more shields of 
cylindrical section, so placed that the axes of the cylinders are in the line of flow. 
Such an arrangement is shown in Fig. 396. When there is no definite flow, there is 
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theoretically no means of protection against radiation error. If shields such as those 
described are used, however, they will afford some protection if arranged in such a 
way as to prevent the sensitive element from “seeing'' the hotter or colder surfaces 
and so that the material in which they arc immersed flows through them by virtue 
of the convection currents set up by local heating or cooling. Arrangements of this 
kind should be studied carefully, as they may be so designed as to produce a larger 
error than the one they are intended to correct. 




Fiq. 39a.-—Method of usiriK thermo- Fio. 396.—Protecting shields for 

couple. thermocouple. 

Protecting tubes as used with lliennocouplcs are capable of producing errors of 
great magnitude if improperly used. Such tubes almost always have large external 
surface, so that they exaggerate radiation errors. When made of metal they have 
generally large metallic cross sections and are therefore good thermal conductors, so 
that they cause errors of the type described in connection with thermometer wells. 
If a thermocouple is merely suspended in such a tube near the closed end, its tempera¬ 
ture must of necessity lag b(*hin(l that of the tube wall, so that, if rapid temperature 
variations are occurring, the thermocouple is probably never very near to the tempera¬ 
ture of the material being measured. 


Repairing Thermometers. —Before and after calibrating a ther¬ 
mometer previous to its use, a careful examination should be made of the 
column of the liquid to ascertain if it is separated. There are four ways 
in which thermometers may be manipulated in order to rejoin the 
mercury which has become separated or to remove a gas bubble from 
the bulb, namely, (1) warming, (2) cooling, (3) tapping on the end, and 
(4) tapping on the side of the thermometer. ^ 

Warming the bulb of a thermometer may be done in water or in oil 
or in the air high above a gas or alcohol flame, but great care must be 
taken, especially with high-temperature thermometers, not to heat 
the bulb to a temperature higher than the thermometer is intended to 
measure. The upper end of a thermometer stem may be warmed over 
a Bunsen burner if this is done very gradually. When the thermometer 
is warmed over a flame, it should be rotated about its axis.^ 

^ Testing of Thermometers, Circ. 8, U. S. Bur. Standards, 2d ed.. Sec. 15. 

* When a thermometer is installed in a well which is subjected to excessive vibra¬ 
tion, breakage of the thermometer can be avoided by placing a small amount of steel 
wool in the bottom of the well. 
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Cooling may be accomplished in cold water, ice, or a freezing mixture, 
but such cooling should not be attempted while the thermometer bulb is 
still hot to the touch. 

Tapping or striking a thermometer on the end must be done carefully 
at all times, and much more so when the bulb is only partly filled with 
mercury and the thermometer is inverted. This tapping may be '^soft,'^ 
as when the thermometer is held vertically in the hand and the hand (not 
the thermometer) is struck on the table, or it may be ^‘sharp,'^ as when 
the thermometer is held vertically and struck downward on a pad of 
paper. 

Tapping on the side of a thermometer may be done ^ ^ softlywith the 
hand or sharply ” with a pencil. Either must be done with care, as there 
is danger of breaking the stem. 

Glass thermometers should always be carried with the stem right side 
up and excessive vibration or jarring should be avoided. Neglect in this 
respect may vitiate the results of most careful calibration, as it may cause 
the mercury column to separate.^ 

Figure 40 shows a method of installing the small-size thermometer 
well in lines smaller than 3-inch. This type of installation should be 
avoided, however, in steam lines when possible, as thermometers placed 
near a bend, converging section, or other interrupter of the smooth flow of 
steam are apt to read an incorrect temperature because of the throttling 
and separating effects of the obstruction. When using this type of 
installation on small lines (smaller than 3-inch), the tee should be one 
pipe size larger than the line. When a glass thermometer is used, it should 

^ In some thermometers there is a safety reservoir or “pocket^’ at the upper end 
of the capillary tube which serves as a space in which the thcrmometric liquid can 
collect in case of overheating, without breaking the bulb l)y internal pressure. This 
safety rcseivoir serves also a useful purpose w'hcn reuniting a broken mercury thread 
as it can be used as a collecting chamber in which some of the mercury from the main 
bulb can be allowed to flow when the thermometer is inverted. 

To remove mercury from the upper reservoir w'hen it is partly full, the folloW'ing 
procedure is recommended: (1) Hold thermometer verticallj^ bulb dowm. (2) Tap 
^^softly ” on side near the top and “softly on end, to bring mercury to lower part of 
upper reservoir. (3) Try tapping both “softlyand “sharply” on the end, and, if 
this fails to bring the mercury dowm the stem, warm the bulb until the mercury 
rises and unites wdth that in the reservoir. (4) Cool very slowdy and probably the 
mercury will all come down. (5) If not, try again, cooling more slowly. 

To remove mercury from upper reservoir when this is completely full or when 
mercury persistently stays at the top of reservoir: (1) Warm the upper end carefully 
over a Bunsen flame, beginning at the extreme tip. Mercury will be driven down the 
capillary by its own vapor pressure. (2) If small mercury globules are left, warm a 
little more and they will condense farther down. (3) Wait until the upper end cools 
to a temperature comfortable to the hand. (4) Warm the lower bulb until mercury 
rises and collects the small globules. (5) To remove gas bubbles from high-tempera¬ 
ture thermometers see Test Code on Instruments, Mech, Eng., Vol. 48, No. 4, pp. 
38fl-387. 
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not be lifted out of the thermometer well while the reading is being 
taken. ^ 

Care should also be taken to avoid parallax, by having the line of 
sight perpendicular to the stem of the thermometer. 



Fig. 40.— Method 
of putting iherniom- 
otor well in small 
pipe. 



brated for full immersion and 
used for partial immersion. 


Emergent-stem Corrections. —An ^^emergent-stern correction^' must 
be made when a thermometer in use has a portion of the emergent stem 
at a temperature other than that which it had during calibration. ^ 
The emergent-stern correction K is to be added algebraically to the 
indicated temperature of a mercury-filled thermometer before it has 
been corrected for the errors found during calibration with proper 
immersion. For a mercury-filled thermometer calibrated for full immer¬ 
sion and used for partial immersion as shown in Fig. 41a, the stem 
correction can be calculated from the following formula: 

= 0.00009D(f.i - h) (1) 

^ An idea of the magnitude of the possible error maj’’ be gained from the following: 
Experiment has shown an error of SO^’F. when withdrawing a glass thermometer from 
a flue eontaining gas at OOO^F. and reading after withdrawal. The same effect in the 
ease of an armored thermometer gave an error of about IS'F. due to the fact that the 
armor contained sufficient heat materially to decrease the rate at which the liquid in 
the thermometer cooled. 

* The stem correction can be reduced by surrounding the thermometer with a glass 
tube about -J inch in diameter. This produces a region around the thermometer 
much hotter than the surrounding atmosphere. The auxiliary and main thermometers 
are easily read through the glass tube. When the thermometer is used in a well, the 
glass tube can rest on the top of the thermometer well. 
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where K == correction, in degrees Fahrenheit. 

D = emergent stem, which is the length of exposed mercury 
thread, in degrees Fahrenheit on thermometer scale. 

= temperature indicated by the thermometer, in degrees 
Fahrenheit.^ 

<2 = temperature indicated by an auxiliary thermometer having 
its bulb placed about three-quarters down the exposed 
mercury thread as shown in Fig. 41a, in degrees Fahrenheit. 


Dunn9 Calibra+ion Tn Service 


Fig. 416.—Thermometer cali¬ 
brated for partial immersion and 
used for excessive immersion. 


During C«librw+ion In Seryice 



Fig. 41c. —Thermometer cali¬ 
brated for partial immersion and 
used for deficient immersion. 



This equation, it will be observed, includes three factors: coefficient 
of expansion, length, and temperature difference. The coefficient of 
expansion given in the equation is the difference between the volumetric 
coefficient of expansion of mercury (0.00010) and the linear coefficient 
(0.00001) of the kind of glass ordinarily used for thermometers. 

The correction K for various values of Z>, ^i, and ti is given in the 
chart (Fig. 42). This correction is to be added to the observed temp>era- 
ture in the usual cases when is greater than ^2 and subtracted when, 
as in measuring the temperature of refrigerants, ti is less than ^ 2 . It 
should be noted that there are two scales of corrections in this figure. 
The left-hand vertical scale is the correction for values of h — <2 from 0 to 
250°F., and the right-hand scale from 250 to 1000°F. 

Example ,—The observed thermometer reading is 600°, temperature of the stem is 
70°, and immersion is up to 300°. All temperatures Fahrenheit. Stem correction by 
formula (1) is 

^ Inasmuch as is not the true temperature of the bulb of the immersed thermom¬ 
eter, the correction K is only approximate upon the first substitution in the foregoing 
formula. If a new substitution in the formula is made using h + K && the new value 
for tij the new correction K will be nearer correct than the first value. Further 
recalculation with h corrected for the new value of K will result in a still closer value 
for K. Seldom are more than two recalculations necessary, and then only for high 
temperatures and long-exposed stems. Long emergent stems should always be 
avoided. 
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K = 0.00009 X 200(600 - 70) * + 7.67®. 

Corrected reading is 600 + 7.67, or nearly 607.6®F. As read from the curves in 
Fig. 42a, the correction is +7.6®F. 



Fig. 42.—Exposure corrections for engraved stem thermometers. 

Note. —The left-hand vertical scale of corrections (ordinates) is for values of ti — (abscissas) from 
0® to 260®, and the right-hand scale is for values from 250® to 1000°. 


When the partial-immersion thermometer is used with an excessive 
immersion (see Fig. 416), it is assumed that the part of the mercury 
thread which was emergent during the calibration, but which is now 
immersed, is at the same temperature as the bulb of the thermometer, 
which is approximately the same as the indicated temperature. The 
stem correction is calculated from the following formula: 

K = 0.00009 D {tx - U) (1') 

where K = correction, in degrees Fahrenheit. 

D = excessive immersion of thermometer, in degrees Fahrenheit. 
tx = temperature indicated by thermometer, in degrees 
Fahrenheit. 

^2 = average temperature of that part of stem represented by 
D during calibration of thermometer with proper immersion, 
in degrees Fahrenheit. 

The correction X for a partially immersed thermometer can be obtained 
from the chart given in Fig. 42. It should be subtracted if tx is greater 
than Uy or it should be added if tx is less than 

* Thermometer corrections to be applied to other cases of variation of depth of 
immersion and external temperature, as, for example, in Fig. 41c, are given in 
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In making a correction for the excessive immersion of a partial- 
immersion thermometer by the foregoing method, it is assumed that the 
thermometer has already been calibrated for the proper immersion and 
for the same external temperature as exists during use. During the 
calibration the average temperature of the emergent mercury thread, 
expressed in degrees, should be measured by an auxiliary thermometer 
three-quarters down the exposed section as shown in Fig. 416. 

After the stem correction K is applied to the indicated temperature, 
the correction determined from the thermometer calibration must also 
be made to obtain the correct temperature. 

External-pressure Correction. —The external pressure to which the 
bulb of a thermometer is subjected affects the indication of the instrument 
and wide variations in pressure cause very significant errors. Ther¬ 
mometers are ordinarily calibrated at or very nearly at atmospheric 
pressure, and if used under very different conditions the possible magni¬ 
tude of the error should be determined. 

The extent to which variations in pressure will modify the indications 
of the thermometer varies with the thickness of the glass of the bulb. 
Those thermometers built to have the smallest time lag also have, in 
general, the thinnest bulb wall, and thus the better they are in this respect 
the more apt they are to require a correction for pressure. 

Pressure corrections are generally ignored in the belief that they are 
of such small magnitude as to be negligible under the worst conditions. 
This is not necessarily true and should not be assumed to be true without 
investigation. High-grade engraved-stem thermometers have bulbs 
with wall thickness between 0.5 and 0.7 millimeter and for such ther¬ 
mometers the correction for external pressure is of the order of 0.01°F. 
per pound per square inch. Such a thermometer immersed in a nearly 
perfect vacuum would read about 0.14°F. too low. On the other hand, 
such a thermometer projecting through the wall of a tank into a deep 
body of liquid may, under certain conditions, read too high by several 
times 0.14°F. 

Industrial thermometers generally have bulbs sufficiently heavy 
to withstand variations of pressure to which they may be expected to 
be subjected, but this should be checked in cases of doubt. 

To determine the external-pressure correction for a thermometer, 
the change in position of the mercury column is measured when the 
thermometer is subjected to different external pressures. It is most 
convenient to use atmospheric pressure as one pressure and a partial 

Test Code on Instruments and Apparatus, Mech. Eng., Vol. 48, No. 5, pp. 
619-520. 

It is easier to use a full-immersion thermometer and to apply the emergent-stem 
correction than it is to apply to the indications of a partial-immersion thenxiometer 
corrections for excessive immersion and abnormal external temperature. 
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vacuum for the other. The apparatus employed in checking an 
engraved-stem thermometer is a glass tube into which the thermometer 
can be inserted, and which may be connected by means of a two-way 
cock to the atmosphere or to a vacuum-producing apparatus. A mer¬ 
cury manometer is used to measure the pressure to which the thermometer 
is exposed. The glass enclosing the thermometer should contain some 
mercury at its lower end in which the bulb of the thermometer is 
immersed, to enable it to take up the surrounding temperatures readily, 
and aboA'e this pure glycerine should be introduced to facilitate the 
reading of the thermometer through the glass tube. The whole of the 
tube should be enclosed in a bath of water, the temperature of which 
can be controlled. Readings of the thermometer are taken with the 
enclosing glass tube alternately under atmospheric and reduced pressure. 
The readings at reduced pressures should be taken rapidly so as to prevent 
the possible cooling of the glycerine due to evaporation of the associated 
alcohol. The external pressure coefficient B in degrees Fahrenheit 
per pound per square inch change in pressure is given by the relation 


B = , 

Pi - P2 


( 2 ) 


where t\ = reading of thermometer, in degrees Fahrenheit, when exposed 
to pressure pi. 

U = reading of thermometer, in degrees Fahrenheit, when exposed 
to pressure p 2 * 

pi, p 2 = different external absolute pressures, in pounds per square 
inch, to which the thermometer is exposed. 

For convenience in applying the pressure coefficient to a thermometer 
requiring this correction, it is desirable to calculate a table giving values 
of the correction for each pound-per-square-inch change in the external 
pressure to which the thermometer is likely to be subjected. 

Calibration of Thermometers. —The calibration of glass thermometers 
can be made in several different ways, namely, (1) by comparison, in 
thermometor-comparison baths in which the temperature can be con¬ 
trolled, with thermometers that have been calibrated by the U. S. Bureau 
of Standards at Washington, D. C.;^ (2) by comparison with substances 
having known melting or boiling temperatures; (3) by checking the ice- 
point and the boiling-point-of-water readings and then checking the 
uniformity of bore and the uniformity of the scale- at other parts of the 
scale, or (4) by comparison with steam of known temperature, such as 


' In England, such calibrations will be made by the National Physical Testing 
Laboratories, London; and in Germany by the Reichsanstalt, Berlin. 

^ As the checking of the uniformity of the bore and the scale is a tedious and very 
painstaking job, it will not be discussed here. Those interested in the methods used 
are referred to Edser’s ‘^Heat for Advanced Students,” 1st ed., pp. 29-34, The Mac¬ 
millan Company. 
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the saturation temperatures corresponding to known pressures. The 
checking of the ice-point and boiling-point-of-water readings are recom¬ 
mended for the checking^ of stand¬ 
ard thermometers to see if their 
calibrations are shifting. 

Ice-point Test. —To test for 
the ice point, surround the bulb 
of the thermometer with a mix¬ 
ture of water and ice, drawing off 
most of the water. The differ¬ 
ence between the reading obtained 
and the mark for 32°F. on the 
thermometer is the error in the 
location of the ice point. In 
general, natural ice is used; but 
when a very high degree of accu¬ 
racy is desired, ice made from 
distilled water is used. Figure 43a shows an approved form of apparatus 
for determining the ice point. 

Boiling Point. —To test the thermometer at the boiling point of water, 
that is, to check the boiling point,^' suspend the 
thermometer so that it will be entirely surrounded 
by the vapor of boiling distilled water at atmos¬ 
pheric pressure. The boiling should be continued 
until the water is free of air, which will be indicated 
by the temperature becoming constant, assuming, of 
course, that the barometric pressure has not changed. 

Care must be taken to make certain that the ther¬ 
mometer does not project into the liquid. Note the 
reading. From the barometric pressure and the 
Steam Tables determine the boiling point for atmos¬ 
pheric pressure. The difference between the reading 
of the thermometer and the boiling point for atmos¬ 
pheric pressure will be the error in the marking of the 
boiling point. Figure 436 shows an approved form of 
apparatus for determining the boiling point.^ 

^ It is not permissible to assume that the indications over 
the whole scale have shifted an amount equal to that at the 
ice point. A standard thermometer, of which the i(^e point Fig. 436. — Appara- 
has shifted, cannot be used with certainty without a rccalibra- t^s for boiling point of 
tion by the U. S. Bureau of Standards. liquids. 

* A more complete description of the methods used in ice-point and boiling-point 
determinations will be found in the U. S. Bur. Standards Reprint 69, On the Standard 
Scale of Temperature in the Interval 0° to 100°C., by Weidner and Dickinson. 
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Calibration by Comparison with a Standard or Secondary Standard 
Thermometer. —In this method of calibration the thermometer which 
is to be calibrated is immersed along with the standard thermometer 
in a suitably designed vessel. Baths used in the calibration of ther¬ 
mometers by comparison with standards differ in attainable temperature 


220V. 



range and also in construction. The essential feature of a thermometer- 
comparison bath is uniformity of temperature throughout the part of 
the bath in which the standard thermometer and thermometer to be 
checked are located. Obviously, the water-bath type cannot be used at 
temperatures above the boiling point of water at atmospheric pressure. 

Figure 44 shows an oil-bath equipment recommended by the A.S.M.E. 
Power Test Committee. In the side of the tank and about 9 inches from 
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the top, several holes are drilled, tapj^ed, and plugged with pipe plugs. 
These holes are for the insertion of industrial-type angle thermometers 
when calibration of this kind of thermometer is desired. 

The stirring mechanism consists of a small propeller mounted on a 
vertical shaft, the propeller being enclosed in a 2J-inch pipe with caps at 
the top and bottom. The propeller for stirring is driven by a vertical 
shaft electric motor. In the operation of the apparatus, the propeller 
draws oil through the holes at the bottom and pumps it out through holes 
at the top of the 2J-inch pipe, thus producing a good circulation of oil. 



Fio. 45.—Simple apparatus for calibration of thermometers at temperatures less than the 

boiling point of water. 


Lagging insulation is provided on the outside of the tank and around the 
overflow and drain pipes. 

The oil bath is heated electrically by a resistance heater located in a 
sheet-iron box below the calibrating tank. Electric power is supplied to 
the heater through a transformer which is designed for a suitably low 
secondary voltage. Rheostats in the primary circuit of the transformer 
make it possible to obtain practically any temperature between that of the 
room and the vaporizing point of the oil that is used. It is desirable to 
insert, when the apparatus is built, a thermocouple very close to the 
electric heater so that its temperature can be observed and thus avoid 
injuring it by overheating. 

For temperatures between 200 and 600®F. oil is the most satisfactory 
liquid for filling a comparison bath. Mineral oils with high flash points or 
the cooking compound Crisco may be used; all such materials at present 
available gradually decompose and char. 
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Figure 45 illustrates diagrammatically a simple apparatus of this 
kind, in which either a water bath or an oil bath may be heated by dis¬ 
charging steam directly into the water. This arrangement permits chang¬ 
ing the temperature more rapidly than with a coil of pipe. 

A bath for thermometer calibration should have an overflow to prevent 
boiling over^’ and a drain by which it may be emptied. Adjustable 
clamps are provided for holding engraved-stem thermometers which are 
inserted through holes in the sheet-iron cover of the vessel containing the 
bath. 

A record of the observations may be made in the following form: 
Calibration of Thermometer 

Ih' comparison with Standard”. 

Date.Observers. 

Standard: Thermometer Tested: 

No. of distinguishing mark.No. of distinguishing mark... 

Range of scale.Range of scale. 


No. 

Standard thermometer 

True 

temperature, 

degrees 

Fahrenheit 

Thermometer tested 

Remarks 

Reading, 

degrees 

Fahrenheit 

Known 
error, ‘ 
degrees 
Fahrenheit 

Reading, 

degrees 

Fahrenheit 

Error* 

(+ or -) 
degrees 
Fahrenheit 









* When the sign is +, the correction (“error”) should be added, and when —, should be subtracted 
from the observed reading. 


Calibration by Reference to Melting Points of Metals.—When one is 
calibrating by reference to metals of known melting points, the ther¬ 
mometers are immersed in the molten metal, which is allowed to cool. 
When the metal starts to solidify, its temperature will remain constant 
until all of it has solidified. The metals used for this purpose and their 
melting points are as follows: 


Table IX.— Melting Points of Metals 


Metal. 

Tin 

Cadmium 

Lead 

Zinc 

Melting point, degrees Fahren¬ 





heit . 

449.4 

609.6 

621.1 

787.0 
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In calibrating thermometers by the use of molten metals, a correction 
for the pressure of the molten metal should be applied to thermometers 
which are to be used with less external pressure. The method of making 
this correction is explained on page 48. 

The melting points given are for ^^pure'^ metals. Chemically pure 
metals which are obtainable from any reliable chemical-supply house 
are not absolutely pure, and their melting points may vary slightly 
from those given above. In case of doubt the U. S. Bureau of Standards 
certified samples are recommended. 

These metals can be melted in iron crucibles heated with gasoline 
blowtorches. The crucible should be surrounded with fire brick, magnesia 
blocks, or some other heat-insulating material to prevent rapid loss of heat; 
otherwise it might not be possible to obtain temperatures high enough 
to melt zinc and lead. Suitable crucibles can be made of pieces of clean 
1-inch black-iron pipe 8 inches long and closed at one end with caps. It 
is advisible to make separate crucibles for each metal, and to keep the 
metal in its crucible after the calibration is complete. The use of separate 
crucibles will tend to prevent possible contamination of the metals and 
avoid the difficulties that will surely be encountered in taking the metals 
out of the crucibles and putting them in again when needed in future 
test work. All contamination should be carefully guarded against, as the 
melting points of the metals would be lowered, and serious errors might 
result. As a matter of fact, the metals are contaminated to a slight degree 
by being heated in the iron crucibles for a long period. This contamina¬ 
tion seldom lowers the melting points more than 1°F. 

When the metal is heated, the exposed surface should be co^ ered with 
graphite or powdered charcoal to prevent rapid oxidation. The depth 
of the molten-metal bath should be such that the insertion of the ther¬ 
mometer will bring the top surface of the graphite to the top of the 
crucible. The metal should first be melted and then heated about 
above its melting point. Then the thermometer should be inserted to 
the proper depth of immersion. The blowtorches should then be removed, 
and, while the metal is cooling, readings should be taken every 10 seconds 
until the metal has solidified, which takes 5 to 10 minutes. The readings 
will show at first a marked drop in temperature; but when the metal 
begins to solidify, the temperature will remain constant for a number of 
readings. After the metal has solidified, there will again be a uniform 
drop in temperature. The constant-temperature readings are the 
freezing point of the metal. The thermometer should be taken out of the 
metal bath as soon as the latter reaches a spongy or granular consistency. 
Otherwise the contraction of the metal is likely to crush the thermometer. 
When the temperature readings are plotted as ordinates and the time as 
abscissas, curves are obtained which have a decidedly flat part. The 
flat part of the curve is the melting temperature of the metal and is one 
of the points for the calibration curve. 
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Calibration by Reference to Substances of Knovm Boiling Points.— 

When one is calibrating by reference to substances of known boiling 
points, the thermometers are immersed in the vapors of the boiling sub¬ 
stances. The materials most commonly used are given, with their boiling 
points, in Table X. In all cases chemically pure materials are referred to. 
Table X. —Boiling Point op Reference Substances 


Substance 
Naphthalene.. 
Benzophenone 
Anthracene... 
Sulphur. 


Degrees 
Fahrenheit 
... 424 
... 682 
. .. 644 
... 832 


The temperatures given for boiling points are for pressures of 29.92 
inches of mercury absolute. For other pressures p in inches of mercury 
absolute, the corresponding boiling temperature t in degrees Fahrenheit 
may be obtained with sufficient accuracy for small difierences of pressure, 
by using the following formula: 


t = to + A(p - 29.92), 


where is the boiling temperature in degrees Fahrenheit at 29.92 inches 
of mercury as tabulated above, and A is the correction factor given in 


Table XI. 


Table XL —Boiling-point Correction Factor 

Correction 


Substance Factor 

Naphthalene. 2.61 

Benzophenone. 2.88 

Anthracene. 3 

Sulphur. 4.21 


•■Htot 

Jnsu/otiM 

ftaftrUrf 


The boiling points can be readily determined in the standard Meyer 
tube apparatus shown in Fig. 46. The bulb of the 
tube can be heated with a gas flame. The asbes¬ 
tos or aluminum cone surrounding the bulb of the 
thermometer prevents condensed vapor from run¬ 
ning down over the bulb, thereby cooling it below 
the temperature of the surrounding vapor, and it 
eliminates direct radiation from the bulb to the 
colder walls of the large tube. An unprotected 
thermometer would read in the order of 1°F. low 
in the vapors of a sulphur bath. 

Calibration by Reference to Temperatures of 
Saturated Steam at Known Pressures. —There is 
a definite temperature of saturated steam corre¬ 
sponding to every pressure. If, then, the absolute 
pressure is known, the temperature corresponding 
to it can be obtained from the Steam Tables in the Appendix. 



Fig. 46.—Apparatus for 
boiling point of solids. 
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Thermometers to be calibrated are placed in adjacent mercury-filled 
thermometer wells (T, T, Fig. 47) located in a cylindrical steam drum. 
Water must be kept in the steam drum to insure against possible super¬ 
heat of the steam. Pipe connections are provided for an accurately 
calibrated pressure gage. Since a pressure gage is calibrated by a 
dead-weight apparatus, it is better to determine the steam pressure 
directly by the dead-weight apparatus and thus eliminate a possible 
error. A mercury column may be used for calibration at pressures 
which fall within its limits. A, B, and E are valves for regulating the 



Fig. 47.—Apparatus for calibration of thermometers with saturated steam. 


flow of steam through the drum. Figure 46 does not show a barometer, 
which is essential. Attention is called to the fact that errors of several 
degrees Fahrenheit may be expected unless the equipment is well lagged, 
a reasonable flow of steam is maintained, and, above all, the pressure is 
accurately determined. 

The steam passes through the regulating valve A and enters the large 
cylindrical drum through the pipe C, which is open at the lower end. 
Exhaust is through D. A water gage is provided to show the level of 
water. Obviously, if the bottom of the long thermometer well is 
immersed in water, the temperature indicated would not be comparable, 
as a rule, with the shorter thermometer exposed entirely to steam. The 
top of the exhaust pipe is made higher than the bottom of C so that there 
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will always be some water ^trapped’’ in the cylinder; and the steam 
which enters must bubble up through this water, making it more certain 
that the steam to which the thermometers are exposed is wet. In 
other words, the superheating which is likely to be caused by throttling 
with the regulating valve A must be eliminated. Although only two 
thermometers are shown, the apparatus can be very conveniently 
fitted with four or six thermometer wells so that a greater number can be 
calibrated at a time. The thermometer wells may be filled with cylinder 
oil or, preferably, for high temperatures, with mercury.^ Temperature is 
varied by throttling with the valves on either or both the steam inlet and 
discharge pipes. Usually the necessary adjustment is made more easily 
by manipulating the discharge valve rather than the inlet. At least 
5 minutes should be allowed after the valves have been adjusted for the 
mercury in the thermometers to come to rest before readings for com¬ 
parison are taken. Readings of both the standard and the thermometer 
being calibrated must be taken as nearly as possible at the same time, 
and the thermometers should be lifted from their wells, when necessary, 
just enough to bring the mercury into view. Observations should be 
taken as quickly as possible to avoid errors due to cooling and should be 
made with approximately the same increments. 

The method of calibrating thermometers for temperatures between 
212 and 400®F. by comparison with steam tables is more generally used 
than any other method. 

It is very important that the thermometer being calibrated should 
be immersed in the well to the same extent as it will be when in use. It 
is a very good arrangement to have a standard type of well for all ther¬ 
mometers of the same length, so that, if a thermometer has been cali¬ 
brated in one of these standard wells, the calibration will be applicable 
in any one of the wells, provided the ^‘room^' temperature does not 
vary widely. Effect of variations of “room'^ temperatures (emergent- 
stern correction) can be readily calculated by the method explained 
on pages 45 to 48. 

Another device used to change superheated steam to the saturated 
condition is illustrated in Fig. 48. In principle it is the same as Fig. 47. 
In this apparatus the steam passes down through the vertical supply pipe 
/S, closed at the lower end, and escapes from perforations near the bottom 
to bubble up through the water contained in the chamber A and is carried 
away in the pipe D. In this way the steam can be made to lose enough 

1 If oil is used in thermometer wells, precautions should be taken that the oil is 
absolutely free from water and that there is no water in the wells. If water is allowed 
to accumulate, there may be a slight explosion, sometimes strong enough to throw the 
thermometers out of the wells. 

Thermometers used for measuring high temperatures should be protected from 
(iontact with the metal of the wells by wrapping the stems at the mouth of the well 
with cotton waste or with rings of cork. 
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heat to the water to reduce a reasonable amount of superheat. No 
valves or other devices that have a tendency to throttle the steam and 
consequently superheat it should be placed between the saturating drum 
and the steam drum in which the thermometers are 
to be calibrated. 

A most excellent method for making calibra¬ 
tions of thermometers by means of a steam drum 
is a combination method. That is, the corrections 
are calculated from the temperature corresponding 
to the corrected gage pressure^ and are at the same 
time checked by comparison with a standard^' 
thermometer. 

In all experimental work in engineering, such 
methods of checking results cannot be too highly 
commended. Checking not only assists in the 
elimination of errors of observation as well as in 
calculations but for the engineer it is his key to 
success.^ 

The observations should be tabulated in the 

Fig. 48.—Device to reduce given on page 59. The Column under the 

the superheat in steam. , i i i ♦» . i i 

heading ‘Standard thermometer is to be left 
blank, of course, when only the steam gage is used for the calibration. 
To obtain the absolute pressure the barometric pressure must beobse.rved 
during the calibration. 

Curves.—1. Plot a curve for each thermometer showing observed 
temperatures of the thermometer tested (abscissas) and the correspond¬ 
ing “true'' or “standard" temperatures (ordinates). This curve is of no 
value, however, unless a reasonably large scale is used. 

2. Plot an error curve, taking observed temperatures of thermometer 
tested for abscissas and “errors" for ordinates. Compare with Fig, 31. 

Recording Thermometers. —Recently instruments for recording 
automatically low as well as high temperatures have been very satis¬ 
factorily developed. There is a sensitive bulb suitable for being inserted 
into a pipe fitting or duct and attached by a capillary connecting tube to 
the recording instrument. 

^ Since thermometers are calibrated usually only for increasing temperatures, the 
gage corrections to be applied should be those corresponding to increasing pressures. 
If only the average corrections of the gage are available for comparison, then the gage 
should be tapped lightly on the back of its casing when each observation is taken. 
Jarring has the effect of eliminating to some extent the lagging effects due to friction, 
which are presumably eliminated entirely when readings are taken with both increas¬ 
ing and decreasing pressures. 

* The plotting of curves is still another means which the engineer uses continually 
for checking his calibrations, his tests, and his conclusions. It has been well said that 
'‘the physician buries his mistakes but that the mistakes of the engineer bury him.'* 
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Calibration op Thermometer by Comparison with Temperatures Correspond¬ 
ing TO Steam Pressures 

Record: 

1. Date and names of observers. 

2. No. and type of gage. 

3. No. of standard thermometer. 

4. Identification of thermometer tested. 

5. Limits of graduation of both. 


6. Barometer reading.inches mercury = ... pounds per square inch.. . 


2345678 9 10 


2345678 9 10 



‘ When the sign is -f. the correction (“error") should be added, and when should be subtracted 
from the observed reading. 


Bourdon Tube Thermometers. —There are three kinds of Bourdon 
tube thermometers, classified according to the kind of fluid with which 
they are filled. In class are those of the liquid-filled kind, the liquid 
filling completely the bulb, capillary tube, and the spring that actuates the 
indicating mechanism of the thermometer (Fig. 49). In this case, liquid 
expansion is the actuating medium. Those in class 2 are only partly 
filled with liquid, most of which is in the bulb, and the vapor of the liquid 
fills the capillary tube and the spring of the indicating device (Fig. 50). 
In this case vapor pressure is the actuating medium. Class 3 is filled 
completely with gas. The liquid-filled kind (class 1) and the gas-filled 
kind (class 3) depend for their operation on the expansion of liquid and 
gas, respectively. The vapor-pressure kind (class 2) is operated by the 
pressure inside the spring of the indicating mechanism; this pressure 

* The classification given here is that used in the Power Test Codes of the A.S.M.E. 





















gala 


depends entirely on the temperature of the free surface of the liquid in the 
bulb. 

Advantages and Disadvantages of Class 1 Bourdon Tube Ther¬ 
mometers. —There is one advantage that a liquid-filled class 1 Bourdon 
tube thermometer has over the gas-filled kind (class 3): it is that it can be 
made with a smaller bulb than the gas-filled kind. In 
this respect, however, it has no advantage over the 
vapor-pressure kind (class 2). The liquid-filled kind 
has, however, the important disadvantage that there 
may be large temperature errors if the capillary tube is 
long. The length of the capillary tube for accurate 
results should not exceed about 10 feet and should cer¬ 
tainly not exceed 25 feet unless temperature effects 


^‘Capilla ry iuhmg 




Bourdon spring or 
oiher suitable pressure 
measuring device 


.’Bulb 



Fia. 49.- 


-Bourdon-tube type completely 
filled with liquid. 


Li gut d-- 


Fiq. 50.—Bour¬ 
don-tube type op¬ 
erated by vapor 
pressure. 


along the tube are compensated by suitable means. 

Advantages and Disadvantages of Class 2 Bourdon Tube Ther¬ 
mometers. —If the capillary tubing of a vapor-filled Bourdon tube 
thermometer contains only vapor, the temperature indications of the 
instrument are not subject to error due to variation of the temperature in 
the tubing and the spring. If, however, the spring that actuates the 
indicating mechanism, or a part of the capillary tubing, is filled with 
liquid, an error from fluctuation of temperature around the spring or 
along the tubing may result if the bulb temperature is higher than the 
spring or tubing temperature. In general, however, a vapor-filled 
Bourdon tube thermometer is not subject to error due to variation 
of temperature of the capillary tube when the instrument is properly 
set up to avoid the presence of any of the liquid in other parts than 
the bulb. This kind of Bourdon tube thermometer has the important 
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advantage over the liquid-filled kind that it can be used for any 
length of tubing up to 200 feet. Its principal disadvantage, however, 
is that the pointer of the indicating device does not move through 
equal increments in all parts of the 
scale that it covers and, therefore, 
the charts of most instruments of 
this kind are nonuniform as to the 
scale, and therefore average values 
cannot be obtained with an ordinary 
planimeter. Another disadvantage is 
that the accuracy of this kind of instrument is affected by elevation of 
the bulb above or below the spring actuating the indicating mechanism. 
When a vapor-filled Bourdon tube thermometer is provided with a non- 
rigid bulb known as the ^'capillary bulb’’ (I^ig* 51), the indicating mecha¬ 
nism measures the temperature of the hottest point along the length of this 
relatively long bulb. 

Advantages and Disadvantages of Class 3 Bourdon Tube Ther¬ 
mometers. —The component parts of a gas-filled Bourdon tube thermom¬ 
eter (class 3) are almost identical with those of the liquid-filled kind 
(class 1) except that a different fluid is used. Like the liquid-filled kind, it 
operates by the thermal expansion of the fluid in the bulb. In most 
instruments of this kind this expansion fluid is nitrogen, which has a 
very large working range, between —60 and 1000®F. The chief advan¬ 
tage of this kind of instrument is that there are no restrictions as to the 
length of the capillary tubing that may be used. In fact such thermom¬ 
eters can be used successfully in straight runs with several hundred feet of 
capillary tubing. The principal disadvantage of this kind of instrument 
is that its indications will be in error when the temperature of the capillary 
tubing is very different from the prevailing temperature when the instru¬ 
ment was calibrated. In case, however, the volume of the gas in the 
bulb is relatively large in comparison with the volume in the capillary 
tubing, errors of this kind may be negligible. 

Gas-filled Bourdon tube thermometers are often made with a nonrigid 
bulb which is called a “capillary bulb'' (Fig. 51). When the instrument 
is provided with a bulb of this kind, it measures the average temperature 
along the entire length of the bulb. The limits of error in the ordinary 
use of the three classes of Bourdon tube thermometers vary from 2 to 
10°F.^ Bourdon tube thermometers can be used to measure the tempera- 

^ The results obtained with vapor-pressure thermometers may be so much affected 
by the arrangement of the installation, due in most cases mainly to hydrostatic pres¬ 
sure in the bulb and the tubing and to the way the instrument is carried and handled 
during installation, that special consideration should be given to location when accu¬ 
racy warranting calibration is expected. Eight methods of installation of vapor-filled 
Bourdon tube thermometers are discussed in A.S.M.E. Power Test Codes, Part III, 
Chap. VI, pp. 30-33, inclusive. 
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ture of fluids within pipes by connecting the bulb into pipe fittings some 
what as shown in Fig. 52. 

Calibration of Bourdon Tube Thermometers.—In calibrating ther 


mometers of the Bourdon tube 
type, the bulb and the indicating 
mechanism should be at the same 
relative elevations and also the 
bulb should be immersed to the 
same depth as when in use. Dur¬ 
ing the progress of the calibration, 
the capillary tubing of a liquid-filled 
(class 1) or gas-filled (class 3) ther¬ 
mometer should be at as near the 
average temperature it will have in 
service as is possible. On the other 
hand, vapor-filled (class 2) ther¬ 
mometers should have the air 
pressure surrounding the instru¬ 
ment as nearly as possible the same 



Fig. 62.—Thermometer bulb in pipe 
fitting for temperature measurement. 



Fio. 63.—Mechanism of a rccor^bng 
thermometer. 


as it will be in average use. This precaution applies particularly to 
service conditions at high elevations. 

Methods of calibration of Bourdon tube thermometers arc, of course, 
in essential features, the same as for other kinds of thermometers as 
explained on pages 49 to 59. 

One of these instruments is shown in Fig. 53 with the cover removed so 
that the mechanism can be seen. It is exactly the same as that of a 
recording pressure gage (see page 19). 

In general appearance and in the operation of the recording mechanism 
and clockwork, these recording thermometers are like the recording pres¬ 
sure gages now in general use. Some of these recording instruments 
have a short rigid connection between the bulb and the recording mecha¬ 
nism, which makes it necessary to locate the instrument always immediately 
adjacent to the bulb. In Fig. 53 there is a flexible connection of capil¬ 
lary tubing attached to the bulb permitting the setting up of the instru¬ 
ment on a wall near by. This capillary tube must, however, be handled 
very carefully to prevent causing a serious leak, making the instru¬ 
ment useless. 
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Pyrometers.—One usually thinks of a thermometer as suitable for the 
measurement of temperatures up to about 600®F., because of the com¬ 
mon use of mercury-in-glass thermometers up to that limit. An instru¬ 
ment used for measuring higher temperatures is generally called a 
pyrometer. Nevertheless, there are a number of types of temperature¬ 
measuring instruments that cover a very wide range as shown in Table 
V (page 38). For example, electric-resistance thermometers may cover 
a range between —400 and 1800®F. 

Thermoelectric P 3 rrometers.—When two wires of dilferent metals 
are joined at both ends, so as to form a complete metallic circuit, as in 
Fig. 54, and if the two junctions H (hot) and 
C (cold) are at different temperatures, an elec- 
tromotive force is generated which can be ^\ / 

measured to an arbitrary scale with a galva- 
nometer or commercial millivoltmeter in 
series with the two wires. If the cold junc- f 

tion is always maintained at a constant Jjj c LI 

temperature, the scale of the galvanometer —5 

can be graduated to read directly the tern- aetltroVa theraocouple*'”* 
peratiire of the hot junction. 

In practice it is usually impracticable to maintain a constant temperature at the 
cold junction, so that usually a compensating device is arranged to eliminate the error. 
One of these devices (Fig. 55) consists of an air-tight glass bulb partly filled with 
mercury into t he top of which a U-shaped platinum loop is fused. This platinum loop 
is long enough to extend into the mercury and its ends are connected to bo in series 

with the thermocouple at the cold junction. When 
r\ the temperature of the leads of the outside circuit 

/ \ falls, the voltage due to the couple increases because 

__ - / \ - _r greater range of temperature at the ‘‘hot 

n n ] I On junction,” but the mercury in the bulb contracts so 

that the current must pass through a greater length 
of the high-resistance platinum wire in the lo )p. 
The net effect is that the increased resistance 
neutralizes the greater voltage produ(;ed at the 

AJ “hot junction.” Another method of compensation 
is to attach a small mercury thermometer to the 
cold couple and put a wire resistance in series with 
the circuit. 

There are two general typevS of such in¬ 
struments: (1) high resistance, (2) low resist- 
hish-^ktan,* type ha, a 
couple formed of two wires of small diam¬ 
eter. One wire is platinum and the other is an alloy of 90 per cent 
platinum and 10 per cent rhodium.^ To protect the fine and deli¬ 
cate wires against breakage and also because platinum deteriorates 

^ Formerly iridium was used for alloying but it volatilizes rapidly at over 1500°^ . 
causing a gradual lowering of the voltage produced. 


Fig. 55.—Mercury compensating 
device for thermocouples. 



64 


POWER PLANT TESTING 


in the silicon, phosphorus, and other gases of reaction,^' the couples 
of the high-resistance type are always protected by porcelain or iron 
tubes. If the temperature never much exceeds 1500°F., iron tubes 
are satisfactory. For higher temperatures porcelain tubes are used, 
but they must be handled carefully as they are easily cracked. Base- 
metal or low-resistance types of couples are usually made of alloys of 
nickel, iron, and copper. Couples used very largely in America for 
temperatures up to about 1500°F. are made of nickel-steel and copper; 
another is made of one wire of nickel and the other of an alloy of nickel 
and chromium. Such couples made of cheap metals can be made of 
larger rods and at less cost than the high-resistance type. Even though 
they are not quite so accurate, they are generally preferred for industrial 
work. There is also the advantage that a broken couple can be readily 
replaced by rods of iron and copper fused together at one end. A calibra¬ 
tion curve for the couple is easily made to be accurate enough for practical 
purposes. The principal consideration in selecting rods for such couples 
is to get them of uniform chemical composition, and they should be 
annealed, preferably in an electric furnace, to a temperature higher than 
t hat to which they are to be exposed. If rods in a couple are not of uni¬ 
form composition, parasitic currents are produced which oppose that 
produced by the couple at the junction. Since these wires can be made 
comparatively large, usually about diameter, the current gener¬ 

ated will be large compared with the high-resistance types and its change 
in resistance with change in temperature will be small, so that a cheaper 
low-resistance galvanometer can be used. Low-resistance couples are 
usually protected by an iron tube, mainly because the steel wires dete¬ 
riorate in the presence of sulphur gases and the asbestos insulation needed 
for separating the rods along their full lengths is likely to last longer 
with this protection. 

Low-resistance pyrometers have often the leads of the same metals 
as the couples, so that the so-called ‘‘cold-junction^^ is at the terminals 
of the galvanometer, and the leads are then usually made long enough to 
permit the instrument being placed where the temperature can be main¬ 
tained at about normal “room'^ temperatures. Variation in the “cold- 
junction” temperature from the calibration temperature produces more 
error in low-resistance than in high-resistance types. 

When one wire of a couple is of iron, it should not be used for tem¬ 
peratures above 1300 to 1400®F., as this temperature is a “transition 
point” for this metal at which its physical and also its thermoelectric 
properties are changed. 

Thermocouples made of platinum and a platinum-nickel alloy pro¬ 
duce twice the voltage of a platinum-rhodium combination, but they 
should not be subjected to temperatures above 2000°F. If the couple is 
made of one wire of pure platinum and another of an alloy of platinum 
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and about 10 per cent rhodium, temperatures nearly as high as the 
melting point of platinum, or nearly 3500°F., can be measured, although 
3000°F. is considered the safe limit. This pyrometer with a platinuni 
couple” is known generally as a Le Chatelier type (Fig. 56). 

Electric-resistance thermometers are based on the principle that 
the electrical resistance of some metals increases considerably as the 
temperature is raised. Platinum is usually selected because for a given 
temperature it has a remarkably constant resistance and it does not 
deteriorate at high temperatures. A resistance thermometer of the 



Fir,. 56.—L(? Chatelier pyrometer. Fig. 57. ■ Resistance thermometer bridge. 


simplest type is made of a coil of pure annealed platinum wire W wound 
upon a mica framework (Fig. 57) in ^‘series” with a very small coil in a 
casing C intended to be exposed to the temperature to be measured. 
The variation of resistance is measured by the Wheatstone bridge method. ‘ 
The current from one electric battery passes through the wire in C, and 
the current from another battery passes through the coil W in the cover 
of the box. When the two circuits are connected so that the electro¬ 
motive forces of the two batteries are opposed, the resistance in the cover 
is adjusted by means of a connection on a stylus S so that there is no 
current passing through a telephone receiver 7? or a sensitive galvanom¬ 
eter placed at the junction of the two circuits. For making observa¬ 
tions, this stylus is moved along the ‘‘scale” wire in the cover to a point 
where the humming noise due to the electric current ceases. The tem¬ 
perature can then be read on the graduated scale opposite the position of 
the stylus. 

By means of a switchboard any number of “heating” elements can 
be connected to the same indicator box, which may be located at any 
distance from the source of heat. 

^ Marks, ‘^Mechanical Engineering Handbook,” 3d ed., p. 2064. 
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Commercial instruments of this type are usually arranged so that the 
bridge” indicates the temperature in degrees. Up to 1000°F. the error 
should be less than and at 2400°F. not more than A delicate 
galvanometer sensitive for small currents is required. A large current 
in the necessarily small wires would by its own heating change the resist¬ 
ance and impair sensitiveness. For many classes of work, particularly 
if there is rough usage, the platinum coil C must be protected by a porce¬ 
lain or iron tube. This protection introduces a time lag, so that very 
delicate instruments are not protected by a casing. The junctions of 
the platinum wire of the thermometer with the wires going to the resist¬ 
ance-measuring device must be placed in the cooler part of the circuit, 
where the temperature should be the same as when the instrument was 
calibrated, or compensators may be used, as explained on page 63. 
Electric-resistance thermometers are readily calibrated at the tempera¬ 
tures of melting ice, by steam at varying pressures (from 212 to 350°F.), 
and by boiling sulphur (832.5®F.). Intermediate temperatures are com¬ 
puted. Metals like copper, tin, and zinc (page 53) when pure remain at 
a quite constant temperature for about a half hour when cooling slowly 
and passing from the liquid to the solid state. 

Bimetal or mechanical pyrometers (Fig. 58) consist essentially of 
two rods made of metals having different rates of expansion connected 
by gears and levers to rotate a pointer or. i\. gradu¬ 
ated dial. Generally the rods are made of iron 
and brass or of graphite and iron. Such instru¬ 
ments are generally very unreliable and should 
never be used for temperatures above 100()°F. 
There is always a tendency for the zero of the 
instrument to get higher with use. Beckert and 
Weinhold found that in a number of cases the zero 
changed from 200 to 400°F. in 2 months. In 
order to obtain readings corresponding to the 
graduations, the entire length of the tube enclos¬ 
ing the rods should be placed in the chamber the 
temperature of which is being measured. The 
Power Test Committee of the A.S.M.E. disap¬ 
proves of their use. 

Pneumatic pyrometers depend for their action 
on the variation of the flow of gases through ori¬ 
fices due to heating. Uehling’s pneumatic pyrom¬ 
eter is shown diagrammatically in Fig. 59. As 
shown, flue gas is continuously drawn through 
two orifices A and B by a constant suction produced by an aspirator D. 
As long as the air has the same temperature in passing through A 
as it has in passing through B, there is no change in the partial vacuum 



pyrometer. 
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in the chamber between the two apertures; if, however, the air has a 
higher temperature when passing through A than ,when passing through 
B, the suction or vacuum in the chamber between the two orifices will 
increase in proportion to the difference 
in temperature between A and B, be¬ 
cause the volume of air varies directly 
with the temperature. 

In the application of this principle, 
orifice A is located in a nickel tube 
which is exposed to the heat to be 
measured, while orifice B is kept at a 
uniformly lower temperature. Filters 
are provided for keeping the orifices 
clean. The instrument can be made 
to record and indicate the temperature 
at a distance. In order to maintain a 
constant vacuum or suction at B, the steam pressure at the aspirator 
nozzle D must be maintained constant by a good reducing valve or 
other means. 

Radiation Pyrometers.—For temperatures above 2500®F. radiation 
pyrometers similar to the one illustrated in Fig. 60 are most suitable. 
They can also be used in many places where it is almost impossible to 

locate a pyrometer of any of the other 
types. The principle of operation 
is that the energy radiated by a so- 
called blackbody is proportional 
to the fourth power of its absolute 
temperature. The instrument illus¬ 
trated consists of a cylindrical case set 
upon a tripod. This case contains a 
concave mirror and a lens (or lenses) 
which when properly adjusted and 
focused on a hot body concentrate 
the heat rays upon a small thermo¬ 
electric couple^ inside the case. Cop¬ 
per wires connect this couple with a 
very sensitive portable galvanometer 
located where it can be read con¬ 
veniently. The most modern instruments of this kind are provided 
with scales indicating directly degrees of temperature. Figure 60 shows 

^ Some of these instruments have a metal coil made up of a pair of strips of metal 
of widely different coefficients of expansion which replaces the thermocouple. The 
principle of operation and the disadvantages are the same as those of bimetallic 
pyrometers (p. 66). 



Fig. 60.—Telescope of Fery radiation 
pyrometer. 



Fig. 59.—Pneumatic pyrometer. 
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a section of the telescope used in connection with this pyrometer. The 
concave mirror M receives the heat rays and focuses them at F, where a 
small thermocouple is located. To assist in pointing the telescope, an 
eyepiece E is provided through which a reflected image of the hot body 
can be seen. The rack R and the pinion P, moved by a thumbscrew 
outside the case, serve for adjusting the focus of the mirror. In the center 
of the field of view, as seen in the eyepiece, the thermocouple is seen as a 
black spot, and this must be overlapped on all sides by the image of the 
hot body to obtain the correct temperature. It is interesting to observe 
that the distance of the telescope from the source of heat does not 
affect the reading of the instrument. When the telescope gets nearer the 
hot body, the mirror M receives, of course, more heat, but at the same 
time this greater amount of heat is distributed over a large image and 
the intensity of the heat remains the same. 

Radiation pyrometers are calibrated in terms of the radiation from a 
so-called black body,^' which is approximately realized by a uniformly 
heated enclosure. It is only for “black bodies,’’ such as carbon and coal, 
that the temperature is exactly proportional to the fourth root of the 
heat energy. Readings obtained when measuring the temperature 
of a body not inside a closed chamber with hot walls will in some cases 
be very much lower than the true temperature. For a piece of heated 
coal the error is very small owing to lack of enclosure, while in molten 
copper or tin with a clean surface the temperature reading may be 100°F. 
too low. Conditions as regards enclosure are, however, satisfactory in 
most practical cases where the instrument is frequently used, such as 
taking the temperature of boiler furnaces, gas producers and retorts, 
annealing and hardening furnaces. Error due to the furnace door 
being open for an instant when the observation is to be made is practically 
negligible, especially as these instruments are actually calibrated under 
this condition. If excess of air in a furnace is likely to reduce the tem¬ 
perature while sighting, a large tube of cast iron or fire clay closed at the 
end toward the fire can be built into the furnace wall. By sighting 
through the open end upon the closed end, which should be at the furnace 
temperature, very satisfactory results are obtained. 

Observations made with such pyrometers of incandescent bodies or 
gases do not give the true temperature. It is generally assumed, how¬ 
ever, that they can be used to measure fairly accurately the temperature 
of heated chambers when focused upon the walls, ^ because of the reflec¬ 
tion going on in all directions. In most cases the flame temperature 
can be taken as the same as that of the surrounding walls. 

A relatively large area is usually required to sight radiation pyrom¬ 
eters. It is stated that the distance from the telescope to the hot body 
can be as much as thirty times the diameter of the hot body and the 

' Von JtiPTNER, Hanns, ^'Heat Energy and Fuels/^ p. 76. 
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telescope can be taken as much nearer as desired without changing the 
reading of the instrument. Before taking observations the pointer of the 
galvanometer must be set at zero, the instrument receiving no heat rays 
during this adjustment. The readings of temperature made with such 
instruments are obviously the difference between the temperatures of the 
hot body and of the room. 

Optical Pyrometers.—Another type of pyrometer, based in principle 
upon the measurement of the brightness of the hot body by comparison 
with a standard lamp, is shown in Fig. 61. In order to use this instru¬ 
ment, known as Wanner^s, the incandescent (osmium filament) lamp 



Fi«. 61.—Wanner optical pyrometer in position for standardizing. 


must first be standardized by comparison with an arnylacetate oil lamp 
of constant candle power. Then after standardizing, it is necessary only 
to focus the instrument upon the hot body to be measured and the tem¬ 
perature is read directly on the graduated scale at the eyepiece. 

Temperature readings from optical pyrometers are actual and are not 
differences depending on the temperature of the room. 

Furnace temperatures may be determined approximately from the 
values corresponding to the color of the fire. All temperatures are in 
degrees Fahrenheit. 

Red—just visible. 900 Orange. 2000 

Dull red. 1250 White. 2350 

Cherry red. 1600 Dazzling white. 2700 

Radiation and optical pyrometers are invaluable for determining the 
temperatures of the various parts of a furnace, of the walls of the setting 
of a steam boiler, of various portions of a bed of coal, etc. It is some¬ 
times stated that an optical pyrometer is a means for measuring tem¬ 
peratures of objects ''miles away.’^ 

Calorimetric P 3 rrometers.—If the specific heat and weight of a body 
are known, its temperature can be obtained by observing the rise in 
temperature of a known quantity of water into which the body is 
thrown. 
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More in detail, the method consists in the determination of tempera¬ 
ture by putting a ball of metal or other refractory material into the 
medium of which the temperature is to be measured. When the ball has 
become heated uniformly throughout its mass to the temperature of the 
medium, it is transferred quickly to a cup heavily jacketed with non¬ 
conducting material in which there is a known weight of water at a known 
temperature. Copper, wrought iron, and fire clay are suitable materials. 
Specific heats of these materials at about 500°F. are, respectively, 0.097, 
0.110, and 0.180. Since metals are attacked by furnace gases, they 
should be protected when used in this way in a crucible of refractory 
material. 

This method, although not recommended for special tests, is often 
very serviceable in places or at times when accurate pyrometers are not 
available. On account of the personal error liable to enter, such 
determinations should be repeated several times to check the results. 
Calculations required are as follows:^ 

Let Wi = weight of the ball, in pounds. 

W 2 = weight of the cup (only the innervessel),^ in pounds. 

Ws = weight of the water in the cup, in pounds. 

ti = initial temperature of water, in degrees Fahrenheit. 

<2 = final temperature of the water, in degrees Fahrenheit. 

to = temperature of the heated ball, in degrees Fahrenheit. 

51 = specific heat of the ball. 

5 2 = specific heat of the cup. 

Then Q = {W 2 S 2 + Ws)(,t 2 — ^i), 

4 = (3, 

WiSi 

Pyrometer Cones.—For many purposes when a pyrometer cannot 
be well placed, fusible pyrometer cones are used. Such cones are made 
of ceramic material mixed so as to give a definitely known melting 
point for each one. The melting points range from 1120 to 3650°F. by 
irregularly unequal steps, each having a standard number. These 
cones are carefully graded, so that, if one has had some experience witk 
them, temperatures can be estimated to about the nearest 15 to 20°F. 
Four of these cones are shown in Fig. 62. 

When a series of cones is placed in a furnace, the one having the lowest 
melting point begins to turn over first. The temperature corresponding 

^ A more complete description of calorimetric pyrometers and the precautions to 
be observed for accuracy will be found in Trans, A,S.M.E., Vol. 6, p. 712. 

* It would be more accurate, of course, to use in the calculation the water equiva¬ 
lent of the whole vessel, as is done in coal calorimetry (see p. 222). Units given 
are in pounds and degrees Fahrenheit, but other units, provided they are correspond¬ 
ing, can be used in the equation given. 
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to the cone number is reached when the tip of the cone has bent over and 
just touches the mounting *^pat'^ on which it is standing. Hence the 
highest temperature reached when the cones shown in the illustration 
were used was about halfway between that corresponding to each of the 
two middle cones. According to the numbers on the cones as shown in 
the figure the temperature, as given by the following table, was between 
1526 and 1580°F. The greatest disadvantage with this system is that 
there is no way of observing a decrease in the temperature, or, in other 
words, only the maximum temperature is indicated. 



For regulating the temperature in kilns used for making refractory 
products such as brick, fire clay, or high-temperature mortar, carefully 
graded pyrometer cones are used for fairly accurate temperature deter¬ 
minations. In order to determine temperature with these cones, a series 
laid out to include the approximate temperature to be measured is set in 
the place where the test temperature is desired. When a set of cones 
is heated, they melt one after another, either completely or partly, and 
the required temperature is that corresponding to the number in Table 
Xll, of the cone of which the tip just touches the mounting pat on a level 
with the base of the cone. 

Pyrometer cones do not fuse sharply but soften over a temperature 
range having a beginning and an end point. The end point is reached 
just before a cone is fused. In this country the pyrometer cones made for 
Professor Orton by the Standard Pyrometer Cone Company, Columbus, 
Ohio, are generally used. Table XII gives the end points^ for Orton^s 
standard pyrometric cones. 

Precautions in the Use of Pyrometer Cones.—For maximum accuracy 
the Orton cones should be set on mounting pats of refractory material of a 
composition that will not affect the end points of the cones. A suitable 

^ End-point temperatures are accurate only when the cones are heated under 
certain standard conditions usually stated as a rate of 270°F. per hour. The tem¬ 
peratures of end points given in Table XII are mean values, for which a maximum dif¬ 
ference from the mean of not more than 10°F. may be expected up to 2500®F., and of 
not more than 10 to 18°F. from that temperature up to the highest value given in the 
table. 
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Table XII.—End Points of Orton Cones 


Cone 

No. 

End point, 
degrees 
Fahrenheit 

Cone 

No. 

End point, 
degrees 
Fahrenheit 

Cone 

No. 

End point, 
degrees 
Fahrenheit 

022 

1121 

02 

2057 

19 

•2768 

021 

1139 

01 

2093 

20 

2786 

020 

1202 

1 

2120 

23* 

2876 

019 

1220 

2 

2129 

26 

2903 

018 

1328 

3 

2138 

27 

2921 

017 

1418 

4 

2174 

28 

2939 

016 

1463 

5 

2201 

29 

2984 

015 

1481 

6 

2246 

30 

3002 

014 

1526 

7 

2282 

31 

3056 

013 

1580 

8 

2300 

32 

3092 

012 

1607 

9 

2345 

33 

3173 

Oil 

1661 

10 

2381 

34 

3200 

010 

1643t 

11 

2417 

35 

3245 

09 

1706 

12 

2435 

36 

3290 

08 

1742 

13 

2462 

37 

3308 

07 

1814 1 

14 

2552 

38 

3335 

06 

1859 1 

15 

2615 

39 

3389 

05 

1904 

16 

2669 

40 

3425 

04 

1940 

17 

2687 

41 1 

1 3578 

03 

2039 

18 

2714 

42 

3059 


♦Cones 21, 22, 24, and 25 arc not available, 
t There is a negative increment between cones Oil and 010. 


material for making these pats is ground alundum mixed with Norton 
No. 518 cement, using in the mixing as little water as possible. The 
pyrometer cones should be mounted with the base embedded J inch in the 
pat and the face of one side inclined at an angle of about 80 degrees 
to the horizontal. The pat is usually circular about inches in diameter 
and at least ^ inch thick. The cones may be attached to the pat with the 
same kind of cement that was used for making the pat. 

Figure 63 represents a Beckmann differential thermometer, which is 
unique in that its range can be shifted by displacing part of the mercury 
into a reservoir at the top. This is used in calorimeters where a ther¬ 
mometer of short range and one that is capable of being read to a small 
fraction of a degree is required. By the use of a low-power telescope it 
is possible to read these thermometers to 0.001°C. Thermometers of 
this type have a large time lag, and it is necessary to make allowance 
for this in some cases. The range of the thermometer may be adjusted 
as required. The length of the scale is generally equivalent to 5®C. and is 
arbitrarily numbered from 0 to 5. 

Armored Thermometers.—Two types of mercury thermometers 
protected by heavy metal cases are illustrated by Figs. 64a and 646. 
These are sometimes called armored industrial thermometers. It will be 




MEASUREMENT OF TEMPERATURE 


73 


observed that a threaded thermometer well is a part of the casing. The 
one shown in Fig. 64& has graduations for reading jboth temperatures and 
pressures. A thermometer of this type is particularly useful in pipes 
carrying hot boiler-feed water. When the temperature is above 212°F., 
the thermometer will indicate that the water is being heated at a pressure 
higher than atmospheric. For water heated in closed vessels or pipes 



I 


Fio. 63.—Beckmann differ¬ 
ential thermometer. 




Fig. 64a.—Armored 
thermometer. 



Fig. 646. —Combined 
thermometer and pres¬ 
sure gage for boiler 
feed water. 


there is for every temperature a corresponding pressure as given in tables 
of the properties of saturated steam. ^ 

Precautions for Accuracy in Temperature Measurements.—Before 
inserting a thermometer or pyrometer in the place where it is to be used 
for temperature determination, the following precautions as given by the 
Power Test Committee of the A.S.M.E. should be observed: (1) For 
accurate results with a thermometer, it should be entirely immersed 
and the surface of the well through which the thermometer extends 
should not be abnormally heated or cooled. The use of excessively 
long emergent stems of thermometers should be avoided. In steam lines 
the thermometer should not be near heavy pipe flanges that are not well 


^ Tables of the properties of saturated steam are given in Table I of the Appendix. 
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insulated. (2) Emergent-stem corrections cannot be accurately cal¬ 
culated and safely applied to temperature readings from armored or 
industrial (page 72) thermometers. The emergent-stem corrections 
should be obtained by the comparison method (page 51) with bare 

thermometers. (3) If the top of the 
liquid thread in the capillary tube of a 
thermometer has separated itself from 
the main thread which extends into the 
bulb, a correction can be subtracted by 
estimating the length of the separating 
space in degrees of the thermometer 
calibration; and this amount must be 
subtracted from all the thermometer 
readings taken at the top of the mercury 
thread in order to obtain the correct 
reading for temperature. (4) Electric 
lights that will not be turned off be¬ 
tween readings should not be placed 
near the stem of a thermometer, if the 
heat from the lamp is an appreciable 
amount. This precautioi- is (jspecially 
necessary when measuring relatively 
Fiq. G4c.—A nglo-stern armored ther- low temperatures, as, for example, near 
mometer. below the freezing point of v/ater. 

(5) Avoid parallax in retiding thermometers. 

Alcohol Thermometers.—For the measurement of temperatures 
much below zero Fahrenheit, thermometers filled with mercury are 
not satisfactory, and alcohol or “spirits of wine^^ is used. These liquids, 
on the other hand, are not suited, on account of their high vapor tensions, 
for high temperatures. Alcohol of average purity freezes at about 5()®F. 
below zero. 

Conversion of Temperatures and Heat Units.—Temperatures in 
Centigrade degrees are converted into Fahrenheit by multiplying by 
5 ' and adding 32. Kilogram-calories multiplied by 3.968 give the equiva¬ 
lent British thermal units (B.t.u.), and kilogram-calories per kilogram 
X 1.8 (the temperature scale factor) give British thermal units per pound. 
A “smalF^ or gram-calorie is one-thousandth as large as a kilogram-calorie. 

One horsepower-hour is equivalent to 2,545 British thermal units 
(B.t.u.) per hour or 42.42 British thermal units per minute. Similarly, 
one kilowatt-hour is equivalent to 3,413 British thermal units per hour. 




CHAPTER III 


DETERMINATION OF THE MOISTURE IN STEAM 

Unless the steam used in the power plant is superheated, it is said to 
be either dry or wet, depending on whether or not it contains water in 
suspension. The general types of steam calorimeters, used to determine 
the amount of moisture in the steam, may be classified under four heads: 

1. Throttling or superheating calorimeters. 

2. Separating calorimeters. 

3. Electric calorimeters. 

4. Condensing (barrel) calorimeters. 

Throttling or Superheating Calorimeters.—The type of steam calorim¬ 
eter used most in engineering practice operates by passing a sample of 
the steam through a small orifice, in 
which it is superheated by throttling. 

A calorimeter of this kind can be 
made of pipe fittings as illustrat ed in 
Fig. 65. It consists of an orifice O, 
discharging into a chamber C, into 
which a thermometer T is inserted, 
and a mercury manometer is usually 
attached to the cock F 2 , for observing 
the pressure in the calorimeter. 

It is most important that all parts 
of calorimeters of this type, as well 
as the connections leading to the 
main steam pipe, should be very 
thoroughly lagged by a covering of 
good insulating material. One of the 
best materials for this use is hair felt, 
und it is particularly well suited for covering the more or less temporary 
pipe fittings, valves, and nipples through w hich steam is brought to the 
calorimeter. The hair-felt lagging should be at least 2 inches thick. 
Many throttling calorimeters have been declared useless by engineers and 
put into the scrap heap merely because the small pipes leading to the cal¬ 
orimeters were not properly lagged, so that there was too much radiation, 
producing, of course, condensation, so that the calorimeter did not get a 
true sample. It is obvious that, if the entering steam contains too much 
moisture, the drying action due to the throttling in the orifice may not be 

75 



Fiu. 05.—Simpl(3 throttling calorinioter. 
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sufficient to superheat. It may be stated, in general, that, unless there is 
about 5 to 10°F. of superheat in the calorimeter or, in other words, unless 
the temperature on the low-pressure side of the orifice is at least about 5 to 
10°F. higher than that corresponding to the pressure in the calorimeter, 
there may be some doubt as to the accuracy of results.^ The working lim¬ 
its of throttling calorimeters vary with 
the initial pressure of the steam. For 
35 pounds per square inch absolute 
pressure the calorimeter ceases to super¬ 
heat when the percentage of moisture 
exceeds about 2 per cent; for 150pounds 
absolute pressure, when the moisture 
exceeds about 5 per cent; and for 250 
pounds absolute pressure, when it is in 
excess of about 6 per cent. For any 
given pressure in the main the exact 
limit varies slightly, however, with the 
pressure in the calorimeter. 

The throttling calorimeter (Fig. 66) 
devised by Prof. C. H. Peabody, when 
properly used, gives very accurate 
results.^ 

In connection with a report on the standardizing of engine tests, the 
A.S.M.E. published the following instructions regarding the method to be 
used for obtaining a fair sample of steam from the main pipes. It is 
recommended in this report that the calorimeter shall be connected with as 
short intermediate piping as possible with a so-called steam calorimeter 
sampling nozzle. 

Steam-sampling Nozzles (A.S.M.E. Recommendations, 1930).— 

With most calorimeters of the types described, it is quite possible, 
generally speaking, to determine the quality of wet steam with the degree 
of accuracy usually required. Calorimeters, however, do not necessarily 
indicate the quality of steam flowing in a pipe, even if they do show 



Fig. 66.—Peabody throttling ralorim- 
ctcr. 


^ The same general statement may be made as regards determinations of super¬ 
heat in engine and turbine tests. Experience has shown that tests made with from 0 
to 10°F. superheat are not reliiible, and that the steam consumption in many cases is 
not consistent when compan^d with results obtained with w()t or more highly super¬ 
heated steam. The errors mentioned, when they occur, are probably due to the fact 
that in steam, indicating less than 10°F. superheat, water in the liquid state may be 
taken up in slugs and carried along without being entirely evaporated. 

* Professor E. II. Lockwood of Yale University states that he has made tests with 
the simple throttling calorimeter (Fig. 65) parallel with A.S.M.E. type (p. 84) and 
has found differences in superheat of 15°F. or more. 

Professor J. J. Eames of the Massachusetts Institute of Technology states that 
in his opinion the Peabody calorimeter is more reliable than most other types. 
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the moisture in the sample which they receive. The determining fac¬ 
tor in accurate quality determinations is quite likely to hinge on the 
ability to obtain a representative sample; and this is especially true when 
the moisture content is comparatively high. The sampling nozzle 
recommended by the A.S.M.E. is shown in Fig. 67. 

The installation of all types of calorimeters with the exception of the 
external superheating (Fig. 75a, page 92) requires but a single connection 
with the steam main. Such a connection is made directly to the sampling 
nozzle which has been inserted in the main. The external superheating 
calorimeter requires the use of two connections with the main, one to the 
sampling nozzle and the other directly to the main. The direct connec¬ 
tion is for the purpose of obtaining the steam which is to be externally 
superheated. 



If the sample of steam is to be obtained from a line 4 inches or greater 
in diameter, it is necessary only to drill and tap a hole to fit the bushing 
into which the sampling nozzle is to be screwed. 

If the sample is to be obtained from a line less than 4 inches in diam¬ 
eter, it is usually necessary to insert a T pipe fitting similar to Fig. 40, 
page 45, if one is not already available. 

The location of this nozzle is a matter of prime importance and, in 
general, it should be placed where the flow is in parallel stream lines. If 
at all possible, a vertical pipe should be selected. It has been shown by 
experiment that a vertical pipe in which the steam descends is the most 
satisfactory. In a horizontal pipe, for example, the moisture content is 
likely to be concentrated toward the bottom. The ratio of the densities 
of the moisture and steam in the pipe may be as great as several hundred. 
It can be seen, therefore, that it is highly important to locate the sampling 
nozzle at a point where the steam and water are well mixed. The descend¬ 
ing steam main meets this condition better than any other. 

The sampling nozzle for pressures above atmospheric should be made 
of or f-inch pipe, preferably the smaller. The part of the nozzle to be 
placed inside the main should be drilled in a straight line with |-inch holes 
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spaced as given in Table XIII. One end of the sampling nozzle (Fig. 67) 
should be threaded to fit the bushing to which the calorimeter or inter¬ 
mediate piping is to be attached. The other end, or the end to be placed 
inside the main, should be plugged as shown. The following table gives 
the numerical values of the dimensions lettered in Fig. 67 for the common 
sizes of extra heavy’' steam piping. In the case of ^'standard full- 
weight” piping the internal diameter is greater than for extra heavy” 
piping, but the same nozzle may be used in either case. Nozzles for the 
sampling of low-pressure steam have not been standardized.* 

Table XIII.— Dimensions of Steam Sampling Nozzles for Pressures above 

Atmospheric 

(For Use in “Extra Heavy” Wrought-iron and Steel Pipes) 

All dimensions are given in inches 


Nominal 
size of 
line 

Internal 

diameter 

Number 
of holes 
in nozzle 

Diam¬ 

eter 

holes 

A 

B 

a 

Cen fcer 
distance 
of holes, 
D 

Pipe 
size of 
nozzle, 
E 

2 

1.939 

1 

3 

1 

it 

1 ® 

* 4 

3J- 

3 

8 

5 

i 

21 

2.323 

3 

h 

2 

3i 

5 

5 

2 

3 

2.9 

5 

1 

'« 

22 

4i 

3 

8 

1 

1 

4 

3| 

3.364 

5 

j 

H 

3 

45 

5 

5 

1 

1 * 

4 

3.826 

6 

1 

8 

3| 



1 

> nr ^ 

« or s 


4.290 

6 

I 

8 

4 

61 

tV 

1 

1 or J 

5 

4.813 

6 

1 

8 

'-i 

OJ 

7 

T5 

9 

4 

J or ; 

6 

5.761 

t) 

1 

8 


7 

7 

8 

3 

4 

4 or 2 

8 

7.625 

6 

1 

8 

7i 

9 

5 

8 

U 

i or 2 

10 

9.75 

6 

8 


11 

3 

8 

M 

3 

8 

12 

11.75 

7 

1 

8 

llj 

13 

1 

2 

12 

3 

14 

13 

7 

1 

8 

12^ 

1 14 

R 

8 

IJ 

3 

8 

16 

14.75 

8 

1 

8 


15i 

15 

U 

3 

8 

18 

16.5 

8 

1 

8 

16 

17i 

lA 

li 

2 

20 

18.5 

9 

1 

8 

18 

191 

1 

2 

1 

1 


The nozzle should be installed in the line in such a position that the 
holes will directly face the steam flow. It is not always possible, however, 
to insert the sampling nozzle in the most desirable location. The ideal 
location is a pipe in which the steam flow is vertically downward and as 
far removed as possible from any valve, elbow, or other disturbing 
element ahead of the nozzle. The second choice is a pipe in which the 
steam ascends vertically with other conditions the same as already 
described. In this case, the results will be very erratic at low steam 
velocities, particularly if there is an orifice or restriction in the main below 
the sampling tube. Under such conditions the condensation on the sides 
of the steam line will run back against the flow of steam and will be 
* See p. 90 for an example of a low-pressure nozzle. 
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caughtby the higher velocity steam at the restricted portion and will 
be thrown upward into the calorimeter sampling nozzle. An installation 
with the sampling nozzle in such a position has to be used with great care. 
The pipe in which the steam ascends will usually show more moisture, 
with the same nozzle and steam, than when the steam descends, but it is 
not possible to recommend a correction factor. 

Pipe bends and horizontal pipes should at all times be avoided, 
if an accurate determination of the quality of the steam is to be obtained. 
If, however, the horizontal pipe cannot 
be avoided, the sampling nozzle should T3- 
be placed in a horizontal position close 
to a valve (as shown in Fig. 67a), so 
that the disturbing influence will serve 

to mix thoroughly the water and steam. | \ '^.sampling nozzles 


-Oood location 




Fig. 67a.—Sampling nozzlo in horizontal pipe. Fio. 076,—Sampling nozzles in pipe 

bend. 


In the case of a bend, provided no other location is possible, the 
sampling nozzle should be placed in the straight part at the entering end 
of the bend and in the plane of the bend, as indicated in Fig. 676. 

Materials for Nozzles.—Brass is a suitable material for nozzles to be 
used in steam up to 500°F. Nozzles made from plain carbon steels 
(sulphur, maximum 0.05 per cent) may be used for temperatures greater 
than 500°F. 

Figure 67c shows locations of sampling nipples from which erroneous 
results will be obtained. 


Case 1. Horizontal Pipe .—Water flows at tlie bottom of the pipe. If there are 
perforations in the nipple near the bottom of the pipe, water piles against the nipple, 
flows into the calorimeter, and gives false readings. 

Case 2.—If the nipple is located too near the junction of two horizontal runs of pipe 
as at a, condensation from the vertical pipe which collects at this point will be thrown 
against the nipple by the velocity of the steam, resulting in false readings. The 
nipple should be located far enough above the junction to be removed from water 
kept in motion by the steam velocity, as at b. 

Case 3.—Condensation in the pipe bend will be held by the velocity of the steam 
as shown. When the velocity is diminished during firing intervals, for example, water 
flows back against the nipple a and a false reading is obtained. A true reading will 
be obtained at 6, provided condensation is not blown over upon the nipple. 
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Case 4.—Where a nonreturn valve is placed in front of a pipe bend, condensation 
will collect on the steam-line side and water will be swept by the steam velocity 
against the nipple and false readings will result. 

Never close and usually do not attempt to adjust the discharge valve 
V 1 of the steam calorimeter in Fig. 65 without first closing the gage cock 
V 2 - The same precaution applies to closing the cock under the gage G of 
the calorimeter shown in Fig. 66 under the same circumstances. Unless 
this precaution is taken, the pressure may be suddenly increased in the 
calorimeter chamber so that if a manometer is used the mercury will be 
blown out of it, and if, on the other hand, a low-pressure steam gage is 
used, it may be ruined by exposing it to a pressure much beyond its scale. 

Usually it is a safe rule to begin to take observations of temperature 
in calorimeters after the thermometers have indicated a maximum value 
and have again receded slightly from this maximum. 



Fig. 67c. —Wrong places for steam calorimeters. 


Calculation of Steam Quality by Throttling Calorimeters.—The 

quality or relative dryness of wet steam is easily calculated by the 
following method. Using the symbols, 

Pi = steam pressure in main, in pounds per square inch 
absolute 

P 2 = steam pressure in calorimeter, in pounds per square inch 
absolute. 

tc = temperature in calorimeter, in degrees Fahrenheit. 
hfgi and hfi = heat (enthalpy^ of evaporation of steam and heat 
(enthalpy) of liquid (sensible heat) corresponding to pres¬ 
sure pi, in B.t.u. per pound. 

hg 2 and ^2 = total heat (enthalpy) (B.t.u. per pound) and temperature 
(degrees Fahrenheit) of steam corresponding to pressure p 2 . 

Cp = specific heat of superheated steam. Assume 0.46 
for approximately atmospheric pressures in calorimeters.^ 

' See p. 361. 

* In the A. S. M. E. Test Code for Steam Generating Units (C/. Item 1,112, 
p. 318), the corresponding value as given is 0.47. Average values for the specific 
heat of superheated steam for any pressures and temperatures are given on p. 368. 



DETERMINATION OF THE MOISTURE IN STEAM 


81 


xi = initial quality of steam (a decimal). 

100(1 = Xi) = initial moisture in steam, in per cent. 

Total heat in a pound of wet steam flowing into the orifice is 

and after expansion, assuming all the moisture is evaporated, one finds 
the total heat of the same weight of superheated steam to be 

hg2 Cp(tc ^ 2 )* 

Then, assuming no heat losses, we have 

+ hfi = hg2 + Cp(te — < 2 ), 

or 

Cp(tc ^ 2 ) 

hfyl 

Charts for Moisture Determinations.—A small section of the total- 
heat-entropy chart as provided in modern steam tables is shown in Fig. 



68. It is arranged particularly for determinations of the quality of 
steam with a throttling calorimeter without using the equations above. 
Horizontal lines in the chart are those of constant total heat of the steam, 
and represent the process in a throttling calorimeter. To illustrate the 
application of the chart, let the initial pressure of steam be 165 pounds 
per square inch absolute and the reading of the thermometer on the 
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low-pressure side of the calorimeter be 270°F. The pressure in the 
calorimeter is 15.2 pounds per square inch absolute. To find the quality 
X, start at the intersection of the temperature line for 270® with the 15.2 
pounds pressure line and go across the chart horizontally to the 165 
pounds line, then the ^Uines of constant quality^’ indicate that the quality 
of the steam is 0.979. 

When a U-tube manometer is used to determine the pressure in a 
well-lagged calorimeter of the type illustrated in Fig. 65, this pressure 
can be obtained very accurately, and an excellent means is provided for 
calibrating the thermometer in the calorimeter just as it is to be used. 
The calibration would be made, of course, by the method of comparing 
with the temperature corresponding to known pressures explained on 
page 55. In order to avoid having superheated steam in the calorimeter 
for this calibration, the felt or similar material usually needed for covering 
the valves and nipples between the main steam pipe and the calorimeter 
should be kept saturated with cold water. 

The Barrus Throttling Calorimeter.—An important variation from 
the type of throttling calorimeter shown in Fig. 65 has been introduced 

quite widely by George H. 
Barrus. In this apparatus 
the temperature of the steam 
admitted to the calorimeter 
is observed instead of the 
pressure and a very free 
exhaust is provided, so that 
the pressure in the calorim¬ 
eter is atmospheric. This 
arrangement simplifies very 
much the observations to be 
taken, as the quality of the 
steam xi can be calculated by 
p]q. (4) by observing only 
the two temperatures ti and 
tej taken respectively on the 
high- and low-pressure sides 
of the orifice in the calorim¬ 
eter. This calorimeter is 
illustrated in Fig. 69. The two thermometers required are shown in the 
figure. Arrows indicate the path of the steam. ^ 

The orifice in such calorimeters is usually made about ^ inch in 
diameter; and for this size of orifice the weight of steam^ discharged per 



Fig. 69.- 


-Barrus throttling calorimeter with stand¬ 
ard A.S.M.E. sampling nozzle. 


^ Trans. A.S.M.E., Vol. 11, p. 790. 

2 Formulas for calculating the exact weight of steam discharged from a nozzle are 
given on pp. 195 and 197. In boiler tests, corrections should be made for the steam 
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hour at 175 pounds per square inch absolute pressure is about 60 pounds. 
It is important that the orifice should always be kept clean, because if it 
becomes obstructed there will be a reduced quantity of steam passing 
through the instrument, making the error due to radiation relatively more 
important. 

In order to free the orifice from dirt or other obstructions the con¬ 
necting pipe or calorimeter nipple to be used for attaching the calorimeter 



Tempcrw-Vurc m Calorimeter, deg.-faVir. 

Fio. 09a.—Chart for determining quality of steam from temperatures. (Atmospheric 

pressure in calorimeter.) 


to the main steam pipe should be blown out thoroughly with steam before 
the calorimeter is put in place. The connecting pipe and valve should be 
covered with hair felting not less than 1 inch thick. It is desirable also 
that there should be no leak at any point about the apparatus, either in 
the stuffing box of the supply valve, the pipe joints, or the union. 

With the help of such a diagram the Barrus calorimeter is particularly 
well suited for use in power plants, where the quality of the steam 
is entered regularly on the log sheets. The percentage of moisture is 
obtained immediately from two observations without any calculations. 


discharged from the steam calorimeters. The Power Test Committee of the A.S.M.E. 
suggest the use of Napier's formula (p. 195), believing it to be sufficiently accurate 
for this kind of work. 
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Figure 69a is a diagram for the determination of the quality of steam. 
It is particularly suitable for use in connection ith calorimeters of the 
Barrus type. 

Abscissas in this diagram are temperatures in the calorimeter tc^ and 
the ordinates are the initial temperatures U of the steam before expan¬ 
sion in the calorimeter. 

A good design of throttling calorimeter once recommended by the 
Power Test Committee of the A.S.M.E. to be accepted as the standard 





Fiq. 70.—Simple throttling calorimeter. (A.S.M.E. type.) 

for tests is shown in Fig. 70. The calorimeter is made practically through¬ 
out of ^-inch pipe fittings and has an orifice diameter in a flat 

plate (Fig. 70a). This orifice is of a suitable size to throttle steam at the 
usual boiler pressures down to atmospheric. The wooden box should 
be filled with hair felt, 85 per cent magnesia, or an equally good heat 
insulator. This committee states the following method of calculating the 
quality of steam with this instrument: 

The percentage of moisture is determined by observing the number of degrees 
of cooling that the thermometer in the low-pressure steam shows as its normal” 
reading for dry steam and dividing that number by the ‘'constant” number of 









DETERMINATION OF THE MOISTURE IN STEAM 


85 


degrees representing 1 per cent of moisture. To determine this ‘^normal” 
reading corresponding to dry steam, the instrument should be attached to a 
horizontal steam pipe in such a way that the sampling nozzle projects upward 
to near the top of the pipe, there being no perforations, and the steam enters 
through the open top of the nozzle, 
in the pipe is in a quiescent state, 
and the steam pressure is maintained 
constantly at the point observed on 
the main trial. If the steam pres¬ 
sure falls during the time the obser¬ 
vations are being made, the test 
should be continued long enough to 
obtain the effect of an equivalent 
rise of pressure. 

To find the constant for I per 
cent of moisture, divide the latent 
heat of the steam supplied to the 
calorimeter at the observed pressure 
or temperature by the specific heat 
of superheated steam at about atmospheric pressure and then divide the quotient 
by 100. Finally ascertain the percentage of moisture by dividing the number 
of degrees of cooling by the “ constantas above noted. 

The Ellison U-path steam 
calorimeter is shown in Fig. 71. 
This calorimeter is similar to 
the Barrus type (page 82), as 
the orifice O reduces the steam 
pressure to approximately 
atmospheric. Below the ori¬ 
fice, the steam impinges against 
a plane surface which divides 
it into four atomized streams. 
These four atomized streams, 
however, meet again after 
being deflected and are mixed 
below the orifice plug. The 
throttled steam flows in the 
steam chamber C of the cal¬ 
orimeter in a path resembling 
the letter U (down one side and 
up the other) and discharges at 
the top, where its direction of 
flow is again turned so that it 
flows downward through the 
steam jacket J, J and out at the bottom to the atmosphere. In order to 



Fig. 71.—Ellison U-path calorimeler. 


The test should be made when the steam 

4.^0 X Button head 
bolts hexagonal nuts 


Use ^ gaskets 
between flanfl[e^ 


Ho Tuloanizod 
Fiber Washers 


Fig. 70o.—D etail of orifice for Fig. 70. 
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reduce the heat radiation losses, the jacket J, J is insulated by filling a 
1-inch space on the sides and a l^-inch space at the top with lamp black. 

In this calorimeter, the position of the thermometer is unusual, 
as it is inserted from the side directly into the path of the steam, through 
the tube T, and is held in place there by means of a suitably designed 
packing cup M, 

Figure 72 shows a section of the Crosby two-pressure steam calorim¬ 
eter. This is an unusual de¬ 
sign, as it is provided with two 
orifices, 0 and O'. One of the 
orifices (O) supplies steam to 
the chamber C in which the 
temperature is measure^d, while 
the other orifice (O') supplies 
steam to the downflow jacket 
J, J surrounding the inner 
chamber 0. The steam in the 
jacket is thus at the same 
temperature as the steam 
within the chamber 0, where 
the temperature is taken. The 
pressures in the chamber C and 
the jacket .7, J are likewise 
equal, so that there is little 
possibility of the jacket tem- 
p)erature's influencing the tem¬ 
perature in the steam chamljer. 
The flow is downward, thereby 
preventing any condensation 
from collecting, either in the 
chamber C or in the jacket. 

In the A.S.M.E. Power 
Test Code, it is stated that, 
Ikj. 72. Two-pressure throttling calorimeter, bccause the body of this calo¬ 
rimeter is made of bronze and highly polished on the outside and has an 
unusually good steam jacket, the heat radiation loss may be regarded 
as negligible. 

Separating Calorimeters. —It was explained on page 76 that throttling 
calorimeters cannot be used for the determination of the quality of steam 
when for comparatively low pressures the moisture is in excess of 2 per 
cent, and when for average boiler pressures in modern engineering prac¬ 
tice it exceeds 5 per cent. For higher percentages of moisture than these 
low limits, separating calorimeters are most generally used. In these 
instruments the water is removed from the sample of steam by mechani- 
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cal separation, just as it is done in the ordinary steam separator installed 
in the steam mains of a power plant. There is provided, of course, £|. 
device for determining, while the calorimeter is in operation, usually by 
means of a calibrated gage glass, the amount of moisture collected. 
This mechanical separation depends for its action on changing very 
abruptly the direction of flow and reducing the velocity of the wet steam. 
Then since the moisture (water) is nearly three hundred times as heavy as 
steam at the usual pressures delivered to an 
engine, the moisture will be deposited because 
of its greater inertia. 

One of the simplest forms of separating 
calorimeters, made of pipe fittings, is shown 
in Fig. 73. Steam enters at A, passes down 
through the vertical pipe P, plugged at the 
lower end, from which it escapes through a 
large number of |-inch holes indicated in the 
figure. In passing through these holes, the 
direction of flow is changed very abruptly, 
since the steam must go upward to be dis¬ 
charged at D. Moisture is deposited at the 
bottom of the vessel F, and its volume or 
weight can be determined from the height of 
the water in the gage glass G if the vessel has 
been calibrated. Steam discharged from D 
must be condensed and weighed in a pail or 
barrel containing cold water. The percentage 
of moisture is then found by dividing the ing steam calorimeter made of 
weight of water collected in the vessel V by fittings, 
the sum of the weight of steam condensed and the weight of water col¬ 
lected in V, Tills sum is, of course, the weight of the wet steam. 

Radiation Loss. —As in all calorimetry work, in order to obtain accu¬ 
rate results there should be a covering of hair felt 1 inch thick over all 
parts of the apparatus, and even then the radiation loss is sometimes large 
enough to make corrections necessary. ^ This correction is determined by 
operating two calorimeters which are exactly alike in construction and 
in the amount of felt covering, in series, and so arranged that the second 
takes the discharge of the first. If it is known that the discharge from 
the first calorimeter is perfectly dry steam,^ then the moisture collected in 

1 A steam calorimeter like Fig. 65 in which no lagging is used in its construction 
must be very carefully protected all over by at least a 2-inch thickness of the best kind 
of heat-insulating material. A 1-inch thickness is usually sufficient for the calo¬ 
rimeters in Figs. 66 and 69. 

* A small throttling calorimeter can be attached to the discharge from the first 
separating calorimeter to determine by a separate test whether or not the steam dis¬ 
charged is dry, but not superheated. 
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the second calorimeter is the condensation due to its own radiating sur¬ 
face, which should be the same as for the first. Calculations for cor¬ 
rected moisture determinations are made then by subtracting from the 
moisture collected in the first instrument the amount condensed in the 
second. When, of course, the radiation loss has been once determined, 

it is not necessary to operate 
the second calorimeter. 

Figure 74 illustrates a 
form of separating calorimeter 
in which the improvement 
over the one shown in Fig. 73 
is in the addition of a steam- 
jacketing space receiving live 
steam at the same tempera¬ 
ture as the sample. Steam 
is supplied through a pipe A, 
discharging into a cup B, 
Here the direction of the flow 
is changed through nearly 
180 degrees, causing the 
moisture to be thrown out¬ 
ward through the meshes of 
the cup into the vessel F. 
The dry steam passes upward 
through the spaces between 
the webs W into the top of the 
outside jacketing chamber J 
and is finally discharged from 
the bottom of this steam 
jacket through the nozzle N. 
This nozzle is considerably 
smaller than any other sec¬ 
tion through which the steam 

Fig. 74.—Separating steam calorimeter with steam n ^ xv 

jackot. flows, SO that there is no 

appreciable difference be¬ 
tween the pressures in the calorimeter proper and the jacket. The 
scale opposite the gage glass G is graduated to show in hundredths of a 
pound, at the temperature corresponding to steam at ordinary working 
pressures, the variation of the level of the accumulating water. A steam 
pressure gage P indicates the pressure in the jacket J, and, since the flow 
of steam through the nozzle N is roughly proportional to the pressure 
(see page 195), another scale in addition to the one reading pressures 
is provided at the outer edge of the dial; this scale indicates pounds of 
dry steam per hour. A petcock C is used for draining the water from 
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the Instrument, and, by weighing the water collected corresponding 
to a given difference in the level in the gage (?, the scale opposite it can be 
readily calibrated. Too much reliance should not be placed on the 
readings for the flow of steam as indicated by the gage P, unless it is 
frequently calibrated. Usually it is very little trouble to connect a tube 
to the nozzle N and condense the steam discharged in a large pail nearly 
filled with water. When a test for quality is to be made by this method, 
the pail nearly filled with cold water is carefully weighed, and then, at the 
moment when the level of the water in the water gage G has been observed, 
the tube attached to the nozzle N is immediately placed under the surface 
of the water in the pail. The test should be stopped before the water 
gets so hot that some weight is lost by ‘^steaming.’' The gage P is 
generally calibrated to read pounds of steam flowing in 10 minutes. 
For the best accuracy, it is desirable to use a pail with a tightly fitting 
cover into which a hole just the size of the tube has been cut. 

Combined Separating and Throttling Calorimeters.—Calorimeters as 
already described remove practically all the moisture in steam (page 87) 
when the pressure is not lower than 25 pounds per square inch by gage. 
For lower pressures, particularly around atmospheric, recent experiments 
show that the efficiency of such calorimeters is in some cases not more 
than 80 per cent.^ For this reason in the best current practice for deter¬ 
minations of moisture in low-pressure steam a throttling calorimeter 
is attached to the discharge of the separating calorimeter. Then if 
the separating calorimeter has been carefully calibrated for radiation 
loss and the steam escaping from the separating calorimeter is tested 
again in a throttling instrument, it is possible to make correct determi¬ 
nations for the percentage of moisture in the steam of almost any degree 
of wetness. An apparatus of this kind which is reported to have done 
excellent service in tests of very large low-pressure steam turbines, oper¬ 
ating with the exhaust from reciprocating steam engines in New York 
City, is shown in Fig. 75. The most notable feature of this apparatus 
is the sampling tube. It was found that for this low-pressure steam the 
ordinary sampling tube of perforated pipe as shown in Fig. 67 did not 
give a reliable sample. It was also found necessary that the sample 
should be taken from the main without changing its direction or velocity 
until it is actually inside the sampling pipe. If the direction of flow of 
wet steam is suddenly changed when entering the sampling nozzle, the 
entrained moisture, because of its greater specific gravity on the one 
hand and the very slight skin friction between it and the surrounding 
dry steam on the other, will cause it to continue in its path in a straight 
line, so that there is a tendency for only dry steam to enter the nozzle. 

^ Trans. A.S.M.E.j Vol. 32, p. 1132. The efficiency of the calorimeter is the ratio 
of the percentage of moisture taken out by the separating calorimeter to the total 
percentage of moisture. 
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Also if the velocity of the steam in the sampler is greater than that in the 
main, there is a tendency for the dry steam to accelerateinto the 
nozzle, leaving the moisture behind. It has been stated that this action 
has not been observed in tests of steam at high pressures, because of (1) 
smaller differences between the specific gravity of high-pressure steam 
and water, (2) greater skin friction, (3) the highly divided state of the 
moisture. ‘ 



As the throttling calorimeter is ordinarily used, it would have very 
little capacity when used with steam pressures only a little above 
atmospheric; but by making it discharge into a receiver in which a 
vacuum of about 28 inches of mercury is maintained, the throttling por¬ 
tion of the calorimeter will evaporate from 2 to 3 per cent of moisture. 

The apparatus shown in Fig. 75 consists of the |-inch brass nozzle on 
the sampling tube, which is bent to point in the direction opposite to 
the flow of the steam. The lip of this nozzle is filed to a knife edge 
to avoid disturbing the current of steam around the mouth of the sampler 
by eddies and impact against a thick lip. This sampling tube is set up 
so that it extends into the main steam pipe one-sixth of the diameter of 
the pipe, w^here it has been observed to give practically a true average 

1 Stott, H. G., and R. J. S. Pigott, Trans. A.S.M.E., Vol. 32, p. 77. 
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sample. When in operation, the valve at the sampling tube is opened 
wide and the flow is regulated by means of the lever cock between the 
separating and the throttling calorimeters. The necessary throttling 
action ordinarily produced by an orifice is produced by this cock. A 
vacuum is maintained in the throttling portion from which the discharge 
is carried to a small cooling receiver in which the steam is condensed. 
From this receiver it flows to a “volumetric'^ measuring tank, the top of 
which is tightly closed and connected by |-inch pipes to the main con¬ 
denser. A spyglass shown at the left in the figure is useful for proving 
that the calorimeter is working properly. It often happens that, when 
the superheat in the calorimeter is less than from 5 to 8°F., there is some 
moisture passing through, and the spyglass will invariably show it. As 
the spyglass is most conveniently made of f-inch gage glass, its area is not 
large enough to carry all the steam, and a by-pass connection is arranged 
as shown. The large size of the parts is necessary on account of the very 
large specific volume of the low-pressure steam. 

All parts of the apparatus are carefully covered with magnesia- 
asbestos covering 2 inches thick. For the.normal rate of flow for the 
instrument, the radiation can be made less than 0.1 per cent. 

Calculation of Percentage Moisture for Combination Separating and 
Throttling Calorimeter.—Quality of steam x\ is calculated for a combi¬ 
nation calorimeter as follows: 

Let Wi = weight of moisture collected in the separating calorimeter 
in a given time, in pounds. 

W 2 = weight of dry steam condensed after passing through the 
throttling calorimeter, in pounds. 

X 2 = quality of steam discharged from separating portion as 
determined by the throttling calorimeter. 

Then without sensible error, 


1 -:ri 


Wi 

Wi + W2 


+ (1 - or2) 


and in terms of “quality" (always a decimal), we have, more accurately/ 




X2 


X 


_ W2. 

Wi + W2 


(5) 


Superheating Calorimeter (External Type).—A steam calorimeter 
arranged for superheating the steam by means of an external source of 
heat is shown in Fig. 75a. It consists of a supply pipe aSi, which is to be 
suitably connected to the sampling nozzle (page 77), which furnishes the 


^ If the radiation test shows it is large enough to be appreciable, and if R is weight 
of condensation due to radiation in pounds in a given time corresponding to that for 
the other units, then 


Xi 


X2 X 


W 2 4" R 

W\ -f W2 
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steam to be tested, and another steam pipe S 2 , also connected to the main 
steam supply but not through the sampling nozzle, which supplies steam 

to the superheater H, The 
object of the superheater and 
the superheated steam is to 
furnish sufficient heat com¬ 
pletely to vaporize and super¬ 
heat the sample^ of steam. 

In the operation of this 
calorimeter, the steam flows 
downward through the pipe 
Sij which, for the greater part 
of its length, is surrounded 
with a jacket pipe J. Steam 
from the superheater H flows 
also downward but through 
the jacket. Suitable heat 
insulation should be provided 
around the jacket pipe as well 
as other pipes, as shown in the 
figure. Conditions must be 
such that the sample of steam 
to be tested in passing through 
the jacketed pipe will be 
first dried and then super¬ 
heated by taking heat from 
of sample superheated steam in the 

Fia. 76a.-Extemal superheating calorimeter. ^ 

the two branches for steam supply (Si and S 2 ) should be made to carry 
equal quantities of steam. Then if radiation is neglected, the heat loss 
by the superheated steam must ecpial that gained by the test sample 
pound per pound. For calculating the results of tests of steam quality 
X made with this calorimeter, the following equation is used: 

Wi 

^< 74 ) (l^u2 

X = 1 -- j -- X 100 

If fill 

where W = weight of saturated steam flowing through calorimeter 
in stated time, in pounds. 

Wi = weight of superheated steam flowing through jacket in 
stated time, in pounds. 

‘ The amount of heat received from the external source for superheating the steam, 
as from a gas burner, does not enter into the calculation of the quality of the steam. 
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h = temperature of saturated steam corresponding to absolute 
pressure in the line, in degrees Fahrenheit. 
hgi = total heat (enthalpyO of saturated steam corresponding to 
absolute pressure in the line, in B.t.u. per pound. 
hg 2 = total heat (enthalpy) of steam sample leaving calorimeter, in 
B.t.u. per pound. 

hgs = total heat (enthalpy) of superheated steam entering jacket, 
in B.t.u. per pound. 

hg 4 = total heat (enthalpy) of superheated steam leaving jacket, in 
B.t.u. per pound. 

R = radiation heat loss, in B.t.u. in the stated time. 

X = quality of steam, in per cent. 
hfgi = heat (enthalpy) of evaporation at the temperature <i, in 
B.t.u. per pound. 

If W equals Wi^ and the correction for radiation (R) is included, the 
final equation becomes 

(^g3 ^ 04 ) (^f/2 

hful 

In the use of these calorimeter 
equations the time element does not 
enter, provided W equals Wi, 

Electric Steam Calorimeters.— 

For use with very wet steam the 
Thomas electric calorimeter (Fig. 76) 
has been designed. It consists es¬ 
sentially of a cylindrical vessel B mJnSih coppS 
containing a series of resistance coils 
of German silver wire for heating 
steam by means of the electric cur¬ 
rent passing through them. These 
coils are connected to the electric ter¬ 
minals or binding posts shown in the 
figure and are supported in a soap¬ 
stone cylinder in which there are a 
large number of J-inch holes through 
which the coils pass up and down. 

Steam enters at the bottom of the Fig. 76.—Electrically-heated steam calo- 
I , . j . , rimeter. 

vessel at A and, passing upward 

through the heated coils, the moisture contained in it is evaporated. The 
steam then passes up through a perforated casing filled with copper 
gauze and escapes through the pipe discharging at the side at C. A part 

1 The notation used here is the same as that in the Steam Tables (Table I in the 
Appendix). 
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of this latter pipe is made of a glass tube for observing the condition of 
the steam. A thermometer is inserted at T for observing the temperature 
after this reheating. 

In the operation of the instrument a steady flow of steam must 
first be secured; then the electric current should be turned on to dry the 
steam. When it is dry or superheated, the fog will disappear from 
the glass observation tube. The first step is to superheat the steam 
to some temperature T, requiring an electrical input of Et watts. Then 
decrease the current until the steam is just dry, requiring an input of Eo 
watts. Then Et — E^ = E', which represents the watts required to 
superheat the steam to the temperature T. By applying a constant 
Ky determined by experiments for a series of pressures and degrees of 
superheat, the following equation is obtained: 

, KEo 

where h is the heat (B.t.u.) required to dry a pound of steam. A series 
of curves giving values of K are supplied with each instrument. If h/g 
is the heat (enthalpy) of evaporation per pound of the dry saturated 
steam corresponding to the pressure, then the quality 

X = hinuJi, 

hfy 

These curves make the use of this calorimeter practicable but the 
accuracy is not so great (by from 1.5 to 2.5 per cent) as that attainable 
by condensing and weighing the steam. 

The advantage that this calorimeter possesses is its wide range. 
Its disadvantages are: (1) difficult to manipulate; (2) expensive, especially 
if wattmeter is included in the cost; (3) possible to obtain superheat 
readings without being able to get the steam absolutely dry. 

Although this apparatus is used for steam of high quality as well as 
low, it has not been generally used, probably because throttling calorim¬ 
eters are preferred on account of greater simplicity in both construction 
and operation, and because very often a source of electric current is not 
conveniently available where tests are to be made. No data are avail¬ 
able comparing its efficiency with that of the combined separating and 
throttling calorimeters described in the preceding paragraphs, but for 
accurate tests the latter are generally preferred by engineers. 

Errors in this type of instrument are likely to be due to a variable 
weight of steam discharging in a unit of time; that is, the weight dis¬ 
charged will be less for superheated than for dry saturated steam. If, 
however, the steam discharged is condensed and weighed, the error from 
this source can be eliminated. It is practically impossible to make 
enough curves of values of K for all the variables. 
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In the A.S.M.E. Power Test Code, it is stated that this electric- 
conductivity method of determining the moisture content of steam 
is based on the premise that the electric conductivity of pure water 
is zero, but actually the conductivity of a condensed-steam sample varies 
directly with the total amount of solids present in the sample of steam 
being tested. 

Condensing or Barrel Calorimeters. —There is still another kind of 
steam calorimeter, known as the Hoadley barrel type, deserving some 
attention. It is one of the oldest forms 
of apparatus for making determinations 
of the quality of steam. In the classi¬ 
fication made at the beginning of this 
chapter it belongs in the group of con¬ 
densing calorimeters. A typical appa¬ 
ratus as shown in Fig. 77 consists of a 
weighing barrel made of three con¬ 
centric vessels of galvanized iron with 
the two annular spaces between the 
inner and outer vessels filled with 
pressed sheet cork or hair felt to reduce 
radiation to a minimum. It is usually 
arranged so that, when the inner vessel has been nearly filled with water 
from the barrel A, a quantity of the steam to be tevSted can be passed into 
it. The steam is admitted into the barrel B in the most common forms 
by disconnecting the water hose R at C and making a temporary con¬ 
nection from the steam pipe out of which a sample is to be taken to a 
vertical pipe in the barrel of sufficient length to extend nearly to the 
bottom of the inner vessel. The pipe may be plugged at the lower end 
and sufficient area for the escape of steam is then secured by drilling into 
the pipe a number of J-inch holes for some distance from the lower end. 
This arrangement will make it easier to secure an equal rise in temperature 
in the different parts of the barrel. A float is usually provided to show 
the depth of water in the barrel, and a suitable stirring device or agitator 
consisting of paddles attached to a vertical shaft is also needed. This 
agitator, when revolved, stirs up the water and brings it to a constant 
temperature. 

Briefly, the method to be pursued in the operation of the barrel cal¬ 
orimeter may be outlined as follows: First, fill the barrel with cold water 
until the float shows that the water level is about 6 inches from the top. 
Then stir well, observe the temperature accurately, and weigh carefully 
on a platform scales. The steam pipe should then be connected up 
to discharge into the water after first allowing the steam to blow off 
into the air, not only to remove the condensation in the piping but also 
to heat it to as nearly as possible the temperature of the steam. When 



Fig. 77.—“Barrel” ateam calorimeter. 
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the temperature has risen to about 120°F., the steam should be shut oS 
and another weighing made to determine the amount of steam added. 
While the weighing is being done, the water should be stirred vigorously 
and the highest temperature observed. For all the weighings the piping 
must be in exactly the same position as regards the connection on the 
barrel and all the pressure in the pipes must be relieved. When the 
piping between the calorimeter and the steam supply is connected by 
pipe fitters' unions, these should be disconnected to insure the best 
accuracy. When, however, the connection is made by means of a very 
flexible rubber hose, the weight can be obtained accurately enough 
without disconnecting the piping if the precaution is taken to relieve the 
pressure in the piping by opening a petcock located in the steam pipe 
near the point where it enters the barrel. 

If, just before making the test for the quality of the steam, the cal¬ 
orimeter is filled with water, heated with steam or otherwise to about 
150®F. and again carefully drained, the barrel will be near its average 
temperature during the test, and no correction need probably be made for 
the heat absorbed by the calorimeter. In most cases it is preferable, 
however, to determine accurately the heat absorbed by the calorimeter 
and then make the proper corrections; but unless the work is done very 
carefully, it is valueless. This correction is usually made by calculating 
the water equivalent or the capacity of the calorimeter to absorb heat 
measured by the similar capacity of water. The water equivalent is to 
be added to the weight of water in the calorimeter. If the following 
symbols are used: 

w' = weight of water in calorimeter, in pounds, 
ly" = weight of water added, in pounds. 

V = temperature of water in calorimeter, in degrees Fahrenheit. 
t" = temperature of water added (higher than V)^ in degrees 
Fahrenheit. 

t'" = temperature of mixture, in degrees Fahrenheit. 
k = water equivalent, in pounds. 

Then 


(w' + A;)(i"' - O = ~ 

w"{t" - «"') 


k = 




— w 


( 6 ) 


The temperature of the water added should be taken just as it enters 
the calorimeter and as near to it as possible. 

The quality of the steam (a:o) to be determined is calculated as follows; 
wi = weight of water in calorimeter, in pounds. 

W 2 = weight of steam added, in pounds. 

k = water equivalent of calorimeter, in pounds. 

= initial temperature of water in calorimeter, in degrees 
Fahrenheit. 
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^2 = final temperature of water, in degrees Fahrenheit, 

po == pressure of steam, in pounds per square inch. 

hfoQ == heat of evaporation of steam (B.t.u.) corresponding 
to Po 

fe/o and hf 2 = heat of liquid (sensible heat) of steam (B.t.u.) corre¬ 
sponding to Po and 

Then equating the heat lost by the steam to the heat gained by the 
water. ^ 


{xohfg^ + /i/o — hf2)W2 = (Wi + k)(t2 — ^l) 

= (^1 "f' k)(t2 — ti) , hf2 ^'hfQ 

V)2hfgQ hfgo 

The accuracy of this instrument depends mainly on the care with 
which the various temperatures and the weight of the condensed steam 
are obtained. Usually it is very difficult to obtain accurately the 
temperature of the mixtures of water and steam. It is not unusual 
for determinations of moisture with such a calorimeter to vary for the 
same quality of steam and with expert handling as much as 5 per cent. 
In the case, therefore, of steam with 10 per cent moisture, the determi¬ 
nation of quality might be in error as much as \ per cent. 

In the A.S.M.E. Power Test Code, it is stated that the barrel type of 
steam calorimeter is very inaccurate, and its use is not permitted in any 
of the ^^code” tests. 

Comparison of Steam Calorimeters.—The types of throttling calorim¬ 
eters are ‘ideally suited for accurate determinations^’ of the quality of 
wet steam.2 This type of calorimeter, even in the hands of inexperienced 
observers, or with gages and thermometers that are not intended for 
high accuracy, is yet an instrument with which comparatively high 
accuracy can be obtained, if it is assumed, of course, that the sample of 
steam entering the calorimeter is of the average quality. In fact, in all 
cases of the use of steam calorimeters, one must realize that the largest 
errors are likely to occur from incorrect sampling of the steam. In 
comparison with other types, especially the electric calorimeter, the 
superheating calorimeter (external type), and the universal calorimeter, 
the throttling type is very simple, light in weight, low in cost, and has 
small radiation losses. 

The separating, the universal (throttling-separating), and the super¬ 
heating (including electric) have a very large range for quality deter¬ 
minations, while the range of a throttling type is relatively small. It 
may also be added that throttling calorimeters, as commonly made 

1 Equation (7) can be made a little simpler for calculations without appreciable 
error by writing for / 1/2 — /i/o the difference between the corresponding temperatures 
(^2 ~ ^ o )* 

* A.S.M.E. Power Test Code, Instruments and Apparatus, Part XI, p. 6. 
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commercially, are defective, in that the orifice through which the high- 
pressure steam expands is too small, and, consequently, there is a small 
error in quality determinations, tending to make the results too low. 
In order to overcome this disadvantage, it is suggested in the A.S.M.E. 
Power Test Code (Instruments and Apparatus, Part XI, page 6) that 
the throttling orifice, expressed as area, should not be less than 0.0004 of 
the cvbic contents of the expansion chamber. 

Because of greater accuracy, comparatively small size, portability, 
and general indestructibility, throttling calorimeters are generally pre¬ 
ferred by engineers. In the order of their relative accuracy, steam 
calorimeters are usually classed as follows; (1) throttling; (2) combined 
separating and throttling; (3) separating; (4) superheating; (5) electric; 
(6) barrel. 

Calorimeter Calibrations. —For a laboratory calibration exercise three 
calorimeters of different types are connected by means of exactly the 
same kind of fittings and valves to the same steam main or receiver. A 
water jacket or a device like that shown in Fig. 48 should be provided 
to vary the quality of the steam. Tests should be made simultaneously 
and for the same length of time on the three instruments. 
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MEASUREMENT OF AREAS 

Two methods are in general use for obtaining the area of irregular 
figures like indicator diagrams: (1) by measuring ordinates and (2) 
by means of a planimeter. Variations of the method of ordinates are 
known as trapezoidal, Durand^s, and Simpson^s. To find the area by 
any of these methods, divide the figure into an even number of strips by 
parallel lines. The accuracy is increased as the number of strips is 
made larger. The notation used in the formulas is illustrated in Fig. 78, 
where is the length of the first ordinate, yi of the second, etc., n is the 



Fifi. 78.—Diagram of ordiiiute Fio. 79.—Granberg’s “line 

methods. pattern.” 


number of strips, w is the common width of the strips, and A is the area 
of the figure. Then the following approximate formulas may be stated: 

I. By trapezoidal rule, 

A = w(^yo + T/i + ^2 + • . • + yn-i + hVn)- 

II. By Durand’s rule, 

A = w{OAyo + l.lyi + 2/2 + 2/3 + • • • + yn -2 + l.l^/n-i + 0.4^n). 

III. By Simpson’s rule, 

A = ^w{yo + 42/1 + 22/2 + 4t/3 + ... + 22/n-2 + 42/n-l + 2/n). 

A very convenient method of measuring areas by the use of a ^4ine 
pattern” has been devised by Granberg.^ A sheet of tracing cloth or 
thin celluloid is prepared with parallel lines on it, equally spaced, and 
with dotted lines (Fig. 79) as shown, located at each end of the figure 
at one-fourth the distance between the unbroken lines first drawn. This 
^4ine pattern” is then laid upon the area to be measured so that the 
ends of the area fall on the solid” parallel lines at opposite ends. The 

* Granberq, ^^Technische Messungen,” p. 48. 
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sum of the lengths of the solid’’ lines included by the outline of the area 
added to one-half the sum of the lengths of the two dotted lines 
included at the ends when multiplied by the distance between the parallel 
solid” lines h gives the required area. 

The various lengths required for both Granberg’s and the trapezoidal 
rules can be conveniently added by laying them off with a dividers one 
after the other along a straight line and finally measuring the total length 
of the line. 

Areas are also frequently calculated by the method of mean ordinates, 
as given on page 152, for finding the mean effective pressure in engine 
cylinders. 

Planimeters. —The most accurate and generally approved method 
of obtaining the area of irregular figures is by means of integrating 
instruments called planimeters. Instruments of this kind may differ in 
many details, yet all of them are based in theory on the original Amsler 

polar planimeter. 

Polar Planimeters. —One of the simplest forms of the polar type of 
planimeters is shown in Fig. 80. It consists essentially of two arms PO 



and TO pivoted together at 0. When in use, the point P is not to be 
moved and is held in place by means of a pin point upon which a small 
weight rests. There is a tracing point at T intended to be moved around 
the border of the area to be measured. Attached to the arm TO is a 
small graduated wheel W carried on a short axis which must be placed 
accurately parallel to TO, Any movement of the arm TO except in the 
direction of its axis will, of course, move the wheel W on the paper or 
other surface on which it is placed in such a way that the amount of its 
movement gives a record indicating the area measured. A vernier V 
placed opposite the graduations on the wheel assists in reading the instru¬ 
ment accurately. The arm TO is usually made of such a length that the 
movement of the tracing point T around an area of 1 square inch (for 
English units) will move the wheel one-tenth of its circumference. 
Graduations of the vernier indicate usually one one-thousandth of a 
revolution of the wheel, or in English units one one-hundredth of a 
square inch. 

When the tracing point T is moved around an area in a clockwise 
direction, the wheel will roll in the direction of its graduation, and the 
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area is found by subtracting the final reading from the initial. Amsler 
planimeters are often constructed with the arm TO adjustable in length, 
so that it can be set to indicate areas in various units, as, for example, 
square inches, square feet, square centimeters, etc. 

The vernier V has 10 graduations, and the total length of these 10 
divisions is one-tenth less than the length of those on the wheel, so that 
it represents, counted from zero, so many hundredths of a square inch. 
To explain the method of using the vernier. Fig. 81 has been inserted, 
showing the wheel W and the vernier F in a drawing of larger scale than 
in Fig. 80. Readings of the graduations on the wheel W are always 



Fig. 81.—Typical vernier for a pla- 
nimeter. 



Fig. 82.—Position of the arms of a polar 
planimoter to draw the “zero” circle. 


taken opposite the zero mark on the vernier, so that the reading indicated 
in Fig. 81 without the help of the vernier would be a little more than 4.7. 
The graduation on the vernier which is exactly coincident with a gradu¬ 
ation on the roller wheel is the third from zero and indicates three 
hundredths. The complete reading is therefore 4.73 as determined by 
the vernier. 

Theory of Polar Planimeters. —As this instrument is constructed, 
neither of the points T and W can pass over the arm PO (Fig. 82). If 
the arms PO and TO are clamped so that the plane of the graduated 
wheel W intersects the point P,^ that is, when the angle TWP is a right 
angle, and then the arms thus clamped are revolved around this point, 
the wheel will be continually slipping without any rolling motion in the 
direction of its axis, and consequently it will not revolve. When, how¬ 
ever, the arms are not clamped and if the construction of the instrument 
will permit the tracing point T to be moved out so far that the axis of W 
will lie in the line PO, then an arc described by the movement of T will 

* As regards the theory, it is immaterial whether W is between 0 and T or on TO 
extended. Some planimeters are made one way and some the other. 



102 


POWER PLANT TESTING 


produce only a rolling motion of the wheel. Obviously, with the arms in 
any position intermediate between that of the clamped right angle and 
the one with W in line with PO, the wheel will partly slip and partly roll, 
the amount of slipping and rolling depending on the size of the angle 
between the arms. It follows, then, that when circumscribing a closed 
figure the radial components cause only slipping of the wheel and need 
not be considered, while the circumferential components produce a 
resultant rolling which must be taken into consideration. 

The path described by the tracing point T when the arms are clamped, 
as indicated in Fig. 82, is called the zero circle of the planimeter. If the 

tracing point is moved in any path out¬ 
side the zero circle in a clockwise direc¬ 
tion, a positive record will be indicated 
on the graduated wheel; while if it is 
moved in a path in the same direction as 
before but inside the zero circle, there 
will be a negative record. 

According to the theory of polar pla- 
nimeters, they are designed so that the 
rolling of the wheel for a given circum¬ 
ferential motion of the tracing point T 
is proportional to the area included 
between the path of T, the radial lines 
from P (Fig. 83) to the initial and final 
points of the path taken by IT, and the 

Flo. 83.-Thooreticai diagram for a zero circle included between 

polar planimeter. 

these radial lines. In other words, the 
area referred to is QTT'Q' in Fig. 83. In the discussion of this 
theory, the circumferential motion of the tracing point T around the 
point Pf with the angle WOP (marked a) remaining always at a 
constant value, is to be taken up first. ^ Now let us suppose the 
tracing point is moved from T to T' in the figure through a very small 
angle TPT' (marked e), keeping, however, the angle a constant; then 
the graduated wheel W will move through the arc TFTF', partly rolling 
and partly slipping. The component of this motion producing rolling 
will be perpendicular to the axis of the wheel; or, in*other words, this 
component will be perpendicular to OT in all its positions, and without 
appreciable error for small values it may be represented in this figure 
by the line WX^ making WXW' a, right-angled triangle of infinitesimal 
proportions. When the tracing point has moved from T to T', the point 
0 has moved through the arc 00' and the tracing point subtends in its 

* In the mathematical discussion following, the graduated wheel will be considered 
as if it were a part of the arm TO^ with its plane exactly at right angles to the axis of 
this arm. 
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movement an angle WPW'^ which is equal to the angle TPT\ marked 6, 
which was passed over by T, Then the following relation is easily 
obtained: 

WW' = PW' X c. 

In this equation the symbol c is a constant, expressing the ratio (for a 
given angle WPW') of the length of an arc to the corresponding radius for 
any value of this radius. In other words, in terms of the calculus, this 
constant would be expressed in radians. In general, for every angle there 
is a constant value which when multiplied by the radius gives the length 
of the arc for that radius. 

The component of WW' corresponding to the rolling of the wheel is 
WX, which is approximately equal to the arc WW' times cos W'WX. 
That is, 

WX = PW' XcXco^ W'WX, (8) 

But if PF is drawn perpendicular to T'W' produced 

PW' cos W'WX = W'Y, (9) 

and combining Eqs. (8) and (9), 

WX 

TE'F = (10) 

Since the angle WPW' is very small, WW' may be taken as being per¬ 
pendicular to W'P, Now WX is perpendicular to T'Y and the angle 
W'WX is equal to the angle PTF'F. The trigonometric relations reduc¬ 
ing the foregoing to terms of the length of one of the arms of the planim- 
eter and the constant angle a are as follows: 

W'Y = — = PW cos PW'Y = PO' cos PO'Y - WO' 
c 

= PO' cos a - W'O', 

then 

WX = ciPO' cos a - W'O'). (11) 

This is an expression for the amount of rolling of the wheel when the 
tracing point moves from P to T'. 

To express the relations required, the area will now be expressed 
trigonometrically in similar units. From geometry, the area of 
sector TPT' = ^ arc TT' X PT, but arc TT' = PT X c, or area 
TPT' == ic X PT\ 

We can write, also, 

PT = -\-Of^ + 2PO X OT COS a, 

area TPT' = ^c{P0^ + OT^ + 2P0 X OT cos o). (12) 

But the area represented by the amount of rolling of the graduated wheel 
is that part of the sector outside the zero circle (see page 102), and this is 



104 


POWER PLANT TESTING 


the area TTQ'Q, Now the radius r of the zero circle, referring again 
to Fig. 82,^ is easily obtained from equations expressing the relations of 
the sides of the right triangles in that figure for the particular case when 
there can be no rolling movement. Thus, 

PO^ = WO^ + (13) 

PW^ ^ Wf^ - WO^ - 2TFO XOT - W\ (14) 

Combining Eqs. (13) and (14), 

^2 ^ 1^2 + _ ^2 _ 2TFO XOT - dT\ 

But PT = r, the radius of the zero circle, therefore, 

r = + 2WO XOT + Of\ (15) 

Also from geometry, as explained on the preceding page. 

Area QPQ' = X c X r = Ic X 

= ^c(P 02 4 . 2WO X OT + Of^). (16) 

Subtracting Eq. (16) from Eq. ( 12 ), 

Area QTT'Q' = cX OT(PO cos a - WO). (17) 

Equation (17), which is the expression for the area outside the zero 
circle, will be observed to be equivalent to the roll of the graduated wheel, 
as given in Eq. ( 11 ), times the length of the arm OT from the pivot 
to the tracing point. If, therefore, for a given area A, we call the reading 
of the wheel R and the length of the arm from pivot to tracing point L, 
then 

A = LR. (18) 

It should be noted further that this equation is independent of any 
other dimensions of the instrument. 

That this demonstration applies to areas not adjacent to the zero 
circle or partly inside and out can be readily shown by subtracting in a 
given case the area between the zero circle and the required area. 

Area of Zero Circle by Experiment. —The area of the zero circle of a 
planimeter may be found readily by passing the tracing point around 
the circumference of two circles each larger than the zero circle. Pref¬ 
erably for this operation the fixed point of the instrument is placed at 
the center of the circles. If the calculated areas of these circles are 
respectively Ai and A 2 , and r is the radius of the zero circle, then, since 
readings of the graduated wheel show only the areas outside the zero 
circle represented by Ri and Jf 22 , we obtain 

1 It will be remembered that with the arms of the planimeter in the position shown 
in Fig. 82 the tracing point T describes the circumference of the zero circle. 
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Ai = irr2 + fii, 

i42 = ' 

27rr^ = — {Ri + R^* (10) 

After r has been found, ^ it is not difficult to calculate the proper length 
of the arm OT for any linear units (compare Eq. (15)). In fact, very 
many polar planimeters are constructed with the arm OT adjustable, so 
that the instrument can be used for any scale or for various units. The 
exact lengths required for both the English and metric units (inches and 
centimeters) are usually stamped on the*adjustable arm. 

Mean Ordinate of an Area.^* —If we call m the mean ordinate and I 
the length of a given area A, then 


From Eq. (18) we have 
whence 


A = ml, 
A =LR, 
ml = LR, 


( 20 ) 


When, therefore, the tracing-point arm is adjustable, it may be set as 
shown in Fig. 84* to make it equal to the length of the area measured. 
Then, obviously, the height of the mean ordinate will be equal to the 
reading of the graduated wheel expressed in the same units. For 
example, if the subdivisions of the wheel are fortieths of an inch, the result 
will be the mean ordinate, also in fortieths. This scale of the wheel is 


^ If, instead of measuring and calculating the circles both larger than the zero circle, 
one of the two is made smaller than the zero circle, then the reading of the instrument 
is again the difference between the area of the circle and that of the zero circle, but the 
value of this difference is now negative, so that, if A i is the area of the circle larger than 
the zero circle and A 2 is the area of the one smaller, then, with the other symbols as 
before, 

AI = irr2 + 72,, 

A2 — Trr- — 

2irr^ = Ai -h A. - (/^i - Ri). 


Although this latter method does not fall in with the general demonstration so well, 
it is, however, usually preferred, as it will give greater accuracy than can be obtained 
w'ith two circles both larger than the zero circle, unless one of these is made unusually 
large. 

2 Engineers must calculate mean ordinates most often when determining the mean 
effective pressure (m.e.p.) of engine indicator diagrams. 

* To facilitate the adjustment of the arm to the length of the diagram or area meas¬ 
ured, sharp points M and N arc attached to the back of some planimeters. The point 
M is often conveniently placed a short distance away from the tracing point T, and 
the point N must then be the same distance and in the same direction away from the 
pivot O. Then, obviously, the distance between M and N will be in all cases equal to 
the length of the adjustable arm. 
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determined not by the diameter of the portion of the wheel which is 
graduated, but by the diameter of the edge which comes into contact 
with the surface over which the wheel rolls. If, then, d is the so-called 
diameter of rolling^' of the wheel, its circumference is ird. Now by 



Fig. 84.—Polar planimoter with adjustable arm for the rapid dotormination of moan 

ordinates. 

dividing the number of divisions on the circumference (usually 100) 
by wdy the scaleof the wheel is obtained. It may also be found by 
measuring a rectangular area of the same length as that of the tracer 
arm and 1 inch wide, when the reading from the wheel will give the 



Fig. 85.— Coffin planimoter. Fig. 86.— Coffin-Ashcroft averaging 

planimoter. 


number of divisions per inch. For those instruments of which the radius 
of the wheel is 1 centimeter (0.795-inch diameter) and has 100 divi¬ 
sions, the scale is almost exactly 40 divisions to the inch. 

Coflin Planimeter and Averaging Instrument. —This planimeter is 
made commonly in two forms, illustrated by Figs. 85 and 86. The 
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former is somewhat the simpler and will be explained first. In principle 
the two are exactly alike. As will be observed in the figures, this instru¬ 
ment has a single arm, to which a suitably graduated wheel is attached 
on an axis parallel to the line joining the ends of the arm. One of the 
ends of this arm is for tracing the outline of the area measured while the 
other slides up and down in a suitable slot. One of the advantages of 
this instrument over the polar planimeter, although it is not so generally 
adaptable, is that the wheel is made to move over a specially prepared 
surface, preventing unnecessary slipping. On materials having a rough, 
fibrous, or, worst of all, uneven surface, the movement of the wheel of 
any planimeter will not be the same as when rolling over a smooth flat 
surface. 

The Coffin planimeter may be discussed as a special form of the general 
polar type in which the pivoting point O, instead of swinging about the 



Fig. 87.—Theoretical diagram for a Coffin planimeter. 


fixed point P (Fig. 80), moves back and forth in a straight line. The 
angle between the arms PO and OT, as indicated by the dotted lines in 
Fig. 87, is really invariable at 90 degrees. Obviously, then, Eq. (17) 
expressing the area traced by a polar planimeter outside the zero circle 
becomes, referring to Fig. 88, 

Area = c X OT{-WO)] 

likewise Eq. (11), expressing the roll of the wheel for the Coffin pla¬ 
nimeter, becomes equivalent to 

Roll or record of the wheel = c(— TT'O') = c(— WO). 

Using, as before, in Eq. (18), the symbols L and R for, respectively, 
the length of the arm OT and the reading of the wheel, we have, just as 
for the polar planimeter, 


A = LR. 


(21) 
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As an averaging instrument the Coffin planimeter is very much more 
convenient than the typical forms of polar planimeters. For finding 
the mean ordinate of an area, the use of the polar type of these instru¬ 
ments was explained on page 105. The sliding vertical straightedge 
shown at the right in Figs. 85 and 86 is for the purpose of making the 
operation of finding the mean ordinate of an area (or the “mean effec¬ 
tive pressure of an engine indicator diagram) as simple as possible. 
For this operation the straightedges C and K should be adjusted so that 
when the tracing pin passes over the extreme end of the area to be 
measured it will just touch both of them. Now if the tracer is started 
at either end of the area and moved around to the starting point and 
then moved upward along the vertical straightedge until the reading 
of the wheel is the same as when starting to trace the area, this last 
distance traced from the starting point along the vertical straightedge 
is the mean ordinate. To demonstrate this statement, the symbols used 
on page 105 will be continued. Representing the mean ordinate by m, 
the length of the area A by I, the reading or rolling of the graduated 
wheel in going around the area by R, and the length of the arm carrying 
the tracer by L, then as before 

A = ml. 

Now, when the tracing point T moves over a vertical line, the angle 
DOTf represented by Z in Fig. 88, remains constant. If we call the 
vertical distance moved V and remember that only the movement of 
the wheel at right angles to its axis produces rolling, then the reading 
R corresponding to the rolling is 

R = V sin Z. (22) 

But for the position shown in 
hand end of the outline of the 


whence 


Substituting this value of R in 
m of a polar planimeter, then, 

m 

This relation can be illustrated more simply, however, by referring to 
Fig. 89, which is a typical indicator diagram from a steam engine. In 
this figure the tracing point of the Coffin instrument is shown at 0, with 


Fig 87. when the tracer T is at the right- 
area, we have 

sin Z = yf 

Li 


R = 


VI 


the general Eq. (20) for the mean ordinate 
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the tracing arm represented by FO. A rectangle OXYZ, indicated by 
dotted lines, is shown, of which the area is equal tq that of the indicator 
diagram. Starting at 0 and moving the tracing point around the 
indicator diagram once, the difference in readings is the area. Now if 
the tracing point is moved in the opposite direction around the rectangle 
and again back to the starting point at 0, it will measure a negative 
area equal to the first area and the reading of the graduated wheel will 
be the same as when first started around the indicator diagram. The 




Fio. 88- —Theoretical diagram for a Fig. 89. —Diagram explaining the method of 
Coffin planimeter. mean ordinates with a Coffin planimeter. 

movement of the graduated wheel as the tracing point moves from X 
to Y is equal and opposite to that in going from Z to O, so that these 
two cancel each other. The motion of the tracing point from F to Z 
requires the axis of the graduated wheel to be parallel to FF and con¬ 
sequently during this movement the wheel will not be moved. The 
only movement that is therefore producing a net change in reading of the 
graduated wheel during the reverse tracing of the rectangle is in going 
from 0 to X. Consequently, after going around any irregular area like 
an indicator diagram in a clockwise direction from the starting point at 
O at the right-hand end of diagram, if the tracing point is moved in a 
vertical direction from the starting point at 0 until the reading of the 
graduated wheel is the same as when first started, this vertical distance 
moved, measured from 0, will be equal to the mean height of the indi¬ 
cator diagram. 

Although measurements of areas may be made with the Coffin planim¬ 
eter as with the regular polar types with the area in any position as 
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regards its length and breadth, yet when the mean ordinate is to be 
obtained, its value in a definite position is required and the area must 
be placed so that its length with respect to which the mean ordinate is 
to be obtained will lie along the horizontal straightedge shown in the 
figures. Then the mean ordinate measured along a vertical straightedge 
will give the result required. 

Roller Planimeters. —For the measuring of very large areas, a planim- 
eter differing slightly in theory from the polar type has been designed 
by G. Coradi, of Zurich, Switzerland. It has the advantage of being 



Fia. 90.—A typical roller planimeter. 

adaptable for measuring surfaces of indefinite length and as wide as the 
length of the tracer arm. This instrument is illustrated in Fig. 90. 
It is supported at three points—the two rollers and and the trac¬ 
ing pin /, or its support s. These two rollers are attached to the shaft A. 
On the face of one of these rollers is a minutely divided miter wheel 
engaging with a small pinion revolving the horizontal shaft carrying 
the spherical segment K. At the center of the frame B, and in the same 
vertical plane with the two shafts already mentioned, a vertical shaft 
carrying the tracer arm is supported. The spherical segment K causes 
merely by friction contact the movement of the cylindrical “measur¬ 
ing'' roller shown at its right. This roller is supported on the auxiliary 
frame My of which the tracer arm is a part. The “measuring" roller 
moves back and forth with respect to the spherical segment to correspond 
with the movement of the tracing point; but at the same time the rotation 
of the segment itself imparts rolling motion of the entire instrument.^ 

* Since this instrument is not often used by engineers, those interested in its theory- 
are referred to Coradi’s book of directions (in English) accompanying each instrument, 
or to “Handbuch der Vermessungskunde,” by W. Caville. 
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Calibration of Planimeters. —Tests are made by comparing the read¬ 
ings of the instrument with that calculated for a given area. For such 
calibrations it is necessary to use an area which can be gone over accu¬ 
rately with the tracing point preferably held mechanically. This is done 
usually by using a metallic testing rule, shown in Fig. 91. It is usually 


■ 


Ficj. 91.—Planimeter testing rule. 

made in the shape of a narrow strip from 3 to 5 inches long. At the end 
marked zero on the graduations a needle point is set which is kept in 
place by an overlapping screw. At each line of the graduations there is 
a very small conical hole into which the tracing point of the planimeter 
can be placed. The beveled end of the testing rule has the index line set 
accurately at the starting mark, so that this point can be very carefully 
located. With the tracing point T in the testing rule and the fixed 
point P of the planimeter in approximately the position shown in Fig. 
92, observe the reading of the instrument corresponding to the area of 
the circle described by the tracer moving clockwise, in the positions 
shown, 

1. When the fixed point P is on the left-hand side of the tracing point. 

2. When P is on the right-hand side. 

If the reading obtained is greater in the first position than in the 
second, the end of the shaft carrying 
the graduated wheel nearest the t racing 
point must be shifted toward the right 
to make the instrument accurate, and 
vice versa. Otherwise the error, if t here 
is one, can be eliminated by taking the 
mean of the results obtained for the 
two positions.^ 

Another test to be made, if there is 
doubt about the accuracy of a pla¬ 
nimeter after the axis of the wheel has Fm. 92.—Methods of testing pia- 
been adjusted, is to determine whether mmeters. 

the settings of the adjustable arm marked on the instrument are cor¬ 
rect. For this determination, circles with several different diameters can 
be measured with the testing rule; and if there is a nearly constant 

^ For ordinary requirements a testing disk can be used in place of the rule, although 
it is not usually so accurate. On this disk circles of 1, 2, and 24 inches diameter are 
usually engraved; and if neither a testing plate nor a disk is available, tests can be 
made by using circles drawn with a pencil compass on a flat sheet of well-calendered 
paper. 
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percentage error, say x per cent too large, then the adjustable arm must 
be lengthened x per cent to make the planimeter readings correct, and 
vice versa. 

For accurate results the fixed point P should be placed as indicated 
by the dotted lines in Fig. 92, so that, when the tracing point is near the 
center of the area to be measured, the two arms will be approximately at 
right angles. 

Bristol-Durand Integrating Instrument.—This unusual instrument, 
illustrated in Fig. 93, has been developed by the Bristol Company for 



Fig. 93.—Bristol-Durand integrating instrument for circular charts. 

obtaining the average radius of records traced on circular charts of uniform 
graduations like those used in recording gages, thermometers, etc. It 
is a simple device for obtaining quickly the average value of pressure, 
temperature, draft, watts, volts, amperes, and other records generally 
taken on circular charts. 

This instrument consists of a wooden base in which there is a metal 
socket for supporting a rotatable pin slotted for receiving a horizontal 
shaft to which the integrating wheel is rigidly attached. On this shaft 
between the integrating wheel and the pin there is an adjustable tracing 
point and at the opposite end of the shaft there is a triangular support 
for the shaft, also adjustable. 

The general principle of this instrument was evolved by Prof. W. F. 
Durand^ of Leland Stanford University. Its application hinges on the 
condition that the chart to be measured has a uniform radial scale, just 
as there must be a uniform vertical scale for indicator and other similar 
diagrams in order that they may be averaged with ordinary planimeters. 


i Tram. A.S.M.E., Vol. 29, 1908. 
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Obviously, the mean value of the radius of a circular diagram cannot be 
determined with ordinary planimeters, since the area of a diagram in. 
polar coordinates is proportional to the square of the radius and to the 
angle. ^ In Fig. 94, AB is an irregular curve, considered for this theoret¬ 
ical discussion as traced by a point moving in and out on a straight 
radial line. The center of the chart is at 0, and at this point there is a 
socket, in which a rod O'P slides freely back and forth, permitting a 
tracing point P to draw a curve AB, A graduated wheel W attached to 
O'P serves the same general purpose as the integrating wheel in the 
ordinary planimeter. Obviously, this wheel will be moved only by 



Fig. 94.— Diagrammatic drawing of Bristol-Durand integrating instrument. 

circumferential motion, and for any radial movement of the rod in the 
direction of its length it will remain stationary. The amount of move¬ 
ment will be proportional to the radius WO, which differs from PO by 
a constant distance PW, The resultant movement of the wheel W is 
proportional, therefore, to the angle moved by the arm O'P and to the 
radius OW varying from point to point along the curve. If it is assumed 
for the present, that, as will be shown later, the reading for any part of the 
curve, as AB, is proportional to the product of the angle subtended 
between the points A and B, AOB, and the mean radius for the curve 
between these points, then if this reading is divided by the subtended 
angle expressed in circular measure, the quotient will be proportional to 
the mean radius. Now if to the value of this mean radius the constant 
distance WP is added, the true value of the radial ordinate OP is obtained. 
When, as is usually the case in practice, the curve AB represents values 
of radial ordinates with reference to a base circle of constant radius 
as the datum or “zero line,’' then if the radius of this base circle is 

^ With the ordinary planimeter the mean square of the radial ordinates can be 
determined, and we can, of course, take the square root of these values, but in most 
cases this is not the same as the mean radius. 
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subtracted from OP, the remainder will be the true value of the ordinate. 
By making WP equal to the radius of the base circle, as may readily 
be done by a suitable adjustment of the instrument, the two correc¬ 
tions will be balanced” and the mean value of the radial ordinate will 
be given directly as the quotient of the reading of the wheel and the 
subtended angle AOB expressed in circular measure. For a chart cor¬ 
responding to 24 hours for a circumference, the angular measure to be used 
as the divisor will be 0.2618 per hour. 

The quantity to be determined in such diagrams is the time mean 
of the quantity measured by the radial ordinate. But since angular 
motion is made proportional to time, we may represent the desired mean 
by the following integral formula: 


frdd _ Jrdd 

JKe “ T ■ 


(24) 


Now, in Fig. 95, let ABCD denote a curve drawn by a tracing point 
which moves on the arc of a curve shown by OA V instead of on a straight 

radial line. Then let OF, ON, OM, 
etc., denote a series of consecutive posi¬ 
tions of the curve OA V, at differential 
angular intervals bS. Then for the 
actual curved path ABCD substitute 
the broken-line path made up of a series 
of arcs each rbd in length, and the series 
of differential bits of the curve OA V as 
shown. Then at the limit the record 
of any integrating or averaging instru¬ 
ment will be the same, whether the 
tracing point is carried along the curve 
or along the broken line as shown. 
Then suppose an integrating instru¬ 
ment, as shown in Figs. 93 and 94, is applied to such a diagram, and let 
the tracing point P be carried along the zigzag path. The record of the 
wheel will be made up of two parts: 

1. That due to the circular arcs rbd and representing by summation 
the value of jrbd, 

2. That due to the differential portions of the arc OA F. 

Now it is clear that, if the diagram extends all the way around from 
A through BCD to A again, the differential elements of the curve OAV 
may be considered as existing in pairs, and that for every element tra¬ 
versed in the outward direction there will be an equal element traversed 
in the inward direction. PQ and ST denote the members of such a pair. 
The record for such a pair will therefore disappear in the summation- 
that is, for all the pairs, and also for the diagram as a whole. In such 



Fio. 95.—Theoretical curves for Bris- 
tol-Durand instrument. 
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a case, therefore, part 2 above becomes zero and the record of the wheel 
for the entire diagram consists simply of JrSd, 

This reasoning is seen to be entirely general and independent of the 
character of the path OAV and hence must be true whether it is the 
arc of a circle, a straight line, or any other path. 

In case the curve occupies only part of the revolution, as ABCj then 
it is clear that in going from A to C the record will involve the two parts 
1 and 2 above, and that the latter will remain included in the final result 
and will represent the summation of the record due to the elements of 
OA V between A and C. This, obviously, will be the value of / r8d for 
the arc GC and it will be canceled by carrying the tracing point of the 
instrument back from C to (7. This method of reasoning is independent 
of the extent of the arc and is therefore equally true for an entire revolu¬ 
tion, even when the diagram does not end at the same radial distance, 
as at the beginning. In such cases it is necessary only to trace along the 
arc OAV so as to closethe curve, thus canceling part 2 above and 
finding directly the value of \r8B for a whole revolution. 

In all cases the correction for part 2 of the record is made by tracing 
from the terminal point of the curve along the path, representing no 
change of time, to a point lying in a circumference passing through the 
initial point. This may be stated in other words by saying that to 
eliminate part 2 of the record the tracing point must start and finish 
at the same distance from the center, and, if the diagram is not of the 
kind to satisfy this condition, then the necessary portion of a path of zero 
change of time must be used to supplement the diagram. This discus¬ 
sion is independent also of the nature of the curve OAV, It may be 
stated, however, that when OA V becomes a straight line the value of the 
correction becomes zero. 

Planimeters for the same purpose are made by Builders Iron Foundry, 
Foxboro Company, and Keuffel & Ksser Company. 
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ENGINE INDICATORS AND REDUCING MOTIONS 

The engine indicator is simply an instrument showing by graphic 
diagrams the variations of the pressure in the engine cylinder of steam, 
gas, air, or whatever the working substance may be. Before James Watt 
invented the engine indicator (about 1814) he had already used a steam 



pressure gage on the cylinder of his engine, and, since the movement of 
the piston in the early steam engines was very slow, he was able to 
observe with his eyes how the pressure varied during a stroke of the 
piston. In modern engines the movement of the piston is so rapid, how¬ 
ever, that a recording instrument is absolutely necessary. 

Thompson Indicator.—Of the engine indicators now in general use the 
Thompson is the oldest and best known. Figure 96 shows one view of this 
instrument and Fig. 97 shows the corresponding sectional drawing. 

It consists in essential parts of a piston 8 (Fig. 97) moving in a cylin¬ 
der 4. This piston is rigidly connected to the rod 12, which passes up 
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through the cap 2. The motion of the piston rod 12 is transferred to the 
pencil 23 by means of suitable links designed to make the pencil move 
parallel to, but usually four times as far as, the piston 8. The maximum 
pressure of the pencil on the paper used for the diagram is adjusted by 
the thread and set screw on the handle attached to the bracket X. 

The method of changing the springs in the various common forms of 
engine indicators should be well understood by everyone likely to be 
called on to ‘indicate'' engines. 

When the work of changing 
springs is done clumsily or care¬ 
lessly, a great deal of time is 
often wasted by the whole party 
engaged in the test. The meth¬ 
od to be followed in changing 
springs of a Thompson indicator 
may be stated briefly as follows: 

The milled-edge cap 2 should 
first be unscrew^ed from the top 
of the cylinder containing the 
spring and piston. This cap, 
together with the sleeve and 
bracket X carrying the pencil 
lever and linkages, the piston 
rod, and the piston, can then be 
lifted from the main body of the 
indicator. By unscrewing the 
small milled-headed screw 19 
connecting the piston rod with 
the pencil arm, the spring can then be unscrewed, first from the cap 
2 and finally from the piston 8. By exactly reversing the operation, 
another spring can be put in the place of the one removed. Changing 
springs in this instrument is a simple operation. No wrenches or other 
tools are required. Care should be taken, of course, to screw up the 
spring firmly against both the cap and the piston. Probably one-half the 
troubles with indicators in operation arise from loose springs, although 
not so often, probably, with Thompson indicators as with some other 
types. The height of the pencil can be adjusted by turning the screw 
head 19 up or down on the piston rod. 

As a general rule, the spring selected for an indicator should be of such 
a scale that the largest diagram to be taken will not be more than IJ inches 
high; that is, if the maximum pressure will be about 140 pounds per square 
inch, a spring with a scale of 80 pounds should be selected. Instruc¬ 
tion books going with indicators have usually tables showing the spring 
recommended for a given maximum pressure. Generally a higher 



Fid. 97.—Scu^tioii of Thompson indicator. 
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card is permissible for light springs and slow engine speeds than for stiff 
springs and high speeds. The tension of the spring 31 inside the drum 
carrying the paper for the diagram is varied by loosening the thumb nut 
and turning the large milled cap until the proper adjustment is secured.^ 



Fig. 98.—“Tension” type of Crosby outside-spring indicator. 


Crosby Indicators. —For high-speed engines and for accurate results 
the Crosby indicator has long been a favorite with engineers. The 
most satisfactory indicator of this make is shown in Fig. 98. 

Indicator springs arranged outside the cylinder as shown here are 
not subjected to high temperatures and are particularly desirable for 
use with engines operating with superheated steam. There are two 
principal advantages: (1) The spring can be changed without removing 
the piston, which avoids an operation often causing confusion and loss of 

^ Unless there is a very good reason for a change in the tension of the spring in the 
drum, it should not be altered. Too much tension in the drum spring will excessively 
stretch the cord and produce inaccurate diagrams (p. 150). Particularly in indicators 
which have been used a long time the pin holding the spring in place is likely to be 
much worn, so that if adjusted often the spring may get loose, and then there is usually 
considerable difficulty in getting it again into its proper position. 
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time; (2) the tension of the spring cannot be affected by exposure to very 
high temperatures. The spring can be changed when the thumbscrew 
at the top of the central spindle has been unscrewed. 

Crosby indicators are also made with the spring inside the cylinder 
of the indicator. The adjustment of this type is much more difficult 
than the outside-spring type and will therefore be explained in detail. 



Fig. 99. —Section of Crosby indicator (inside-spring type). 


In essential parts the Crosby inside-spring indicator (shown in Fig. 99) 
consists of a piston 8 moving in the cylinder 4 and is connected by means 
of the piston rod 10 and the link 14 to the pencil lever 16. All of the 
pencil mechanism (arranged to move the pencil point 23 in a straight 
line parallel to the motion of the piston 8) is supported by the links 13 
and 15 on the sleeve 3. The indicator spring is fastened at its lower 
end to the piston by a ball joint and at its upper end it is screwed into 
the cap 2. The method of attachment of the spring to the piston by 
means of the ball joint is showm more in detail in Fig. 100. 

In this indicator the spring is changed by first unscrewing the milled 
cap 2, then this cap, the sleeve 3, the piston rod 10, and the connected 
parts can be removed from the cylinder 4. By unscrewing the spring, 
by hand from the cap, which, of course, must be prevented from turn- 
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ing, and also from the screw on the swivel head 12, the piston, the spring, 
and the hollow piston rod 10 are detached from the other parts. A 
socket wrench of the special form provided in every indicator box of 
this make is to be slipped over the piston rod to engage with the small 
nut shown (at 10) in Fig. 99 at the lower end of the piston rod. Then 
the piston rod is readily unscrewed from 
the piston and at the same time the 
spring is released from its attachment to 
the piston. Now with the piston rod 
still in the socket of the wrench, slip the 
spring to be used over the piston rod 
until the head of the spring rests in the 
concave end of the rod. To do this, the 


Fig. 100. —Section of Crosby indicator spring Fig. 101. —“Compression” type cf out- 
and piston. side-spring indicator. 

wrench must be held upright, and then, if the piston is inverted 
or, in other words, if it is held so that the end screwing into 
the piston rod points downward, the piston rod is ready to be screwed 
into the piston, so that the transverse wire of the spring passing 
through the bead will be held firmly in the slotted portion of the socket 
in the piston. Finally, screw the piston rod firmly^ into place. Before 
the last operation, the lower piston screw (Fig. 100) should be loosened 
slightly, and afterward it should be screwed up against the bead just 
enough to prevent lost motion. It should not be screw^cd so tightly, 
however, as to prevent the bead from turning, otherwise the desirable 
qualities of the ball joint for securing perfect alignment are lost. Now 
when the piston rod, spring, and piston are again assembled, if the 
sleeve 3 and the pencil motion attached to it are held in an upright posi¬ 
tion, the hollow piston rod can be slipped over the threaded portion of 
the swivel head 12 until the threads on the upper end of the spring engage 
with those on the cap 2. The spring can then be screwed securely into 
the cap 2. Then permit the cap to turn in the sleeve 3 and, by still turn- 

^ Special care should be taken when putting a spring into a Crosby indicator that 
the piston rod is screwed into its socket in the piston P (Fig. 100) as far as it will go, 
that is, until the extreme upper end of the socket aa is brought firmly against the bot¬ 
tom of the corresponding annular channel bb in the piston rod R. 
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ing the spring, screw the piston rod on the swivel head 12 until the top of 
the rod is nearly flush with the shoulder on the swivel head. The piston 
and attached spring are now ready to be put into the cylinder by slipping 
the sleeve 3 into position and screwing down firmly the cap 2.^ 

The height of the pencil cannot be adjusted to* change the position 
of the atmospheric line without removing the piston from the cylinder of 
the indicator. It must be done, however, by unscrewing the cap 2 from 
the cylinder and removing it together with the sleeve 3 and the pencil 
mechanism. By turning the cap clockwise the swivel head 12 and conse¬ 
quently also the atmospheric line are lowered. By turning in the 
opposite direction both are raised. Never try to make adjustments by 
removing or loosening the pins or screws at the joints 17, 18, 19, 20, 
and 21. These joints should always be kept tight enough to prevent 
any lost motion, and occasionally they should be lubricated with refined 
porpoise oil of the kind usually supplied with indicators.^ 

The tension of the spring in the drum is changed very much more 
conveniently than in most other indicators. For high-speed engines 
the tension must be considerably greater than that required for those 
running at low speeds. The tension is adjusted by removing the drum 
24 by a straight pull and turning the knurled nut at the top of the 
spring 31 after lifting it from its sejuare seat. 

In Fig. 101 a slightly different outside-spring arrangement is shown. 
It is distinguished particularly from Fig. 98 in having the indicator spring 
in compression instead of being in tension as in most, other outside¬ 
spring types. The obvious advantages of the designs having the springs 
in tension are that springs can be changed much more readily than in 
other types, and that it is practically impossible if the springs and 
piston are well made for the spring to buckle over and bind the piston, 
as happens frequently in all types having the spring in compression. 

The weakness of the designs having the spring in tension is in requir¬ 
ing a very long and slender piston rod which, being in compression, may 


^ Persons in charge of tests should always inspect indicators before the steam pres¬ 
sure is put on th(i springs to observe whether the cap has been screwed down firmly, 
and whethtT the pencil mechanism has been adjusted so as to give with a suitable 
spring a diagram of the proper height. 

^ Inexperienced testers often put the spring and piston into place by merely slipping 
on the sleeve 3 and without screwing down the caj) 2. Then, as a result, when the 
steam pressure is put on the indicator the piston, spring, and pencil mechanism are 
thrown off with a great deal of force, and some of these parts are sometimes completely 
demolished. 

When an indicator having the spring inside the cylinder 4 is used—and this is 
true particularly in the Crosby indicator—all adjustments should be made before the 
steam is turned on the indicator, because the piston, spring, and cap soon become very 
hot, and unless the parts are cooled, preferably by dipping into cold water, they are 
difficult to handle. 
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have a tendency to buckle over and produce variable errors. As regards 
temperature effects, one arrangement is about as good as the other. 

Tabor Indicator.^ —In the form in which it is now manufactured, the 
Tabor indicator differs from indicators like the Crosby particularly in 
the means employed-for producing a straight-line parallel motion for the 
pencil. In this device a roller is attached to the pencil lever and is 
arranged to move in curved slots on the inside of the rectangular box¬ 
shaped part shown in the figure. 



Fig. 102. —Section of a Tabor indicator. 


As regards the point of flexibility in the mechanism, this is not between 
the spring and the piston but, more like the Thompson, is in the ball 
and socket joint between the piston and the piston rod. Details of this 
construction are shown in Fig. 102. 

The principal precaution to be observed in the use of this indicator is 
to be certain at all times that the roller on the pencil lever moves freely in 
the curved slots. Outside-spring types of this indicator are also made. 

To Change the Spring ,—The cylinder cap must be first unscrewed, 
and then this cap, together with the piston, spring, and connected parts, 
^ Ashcroft Manufacturing Co., Liberty St., New York. 
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can be lifted from the cylinder of the indicator. By removing the small 
screw under the piston the latter can be unscrewed from the lower end of 
the spring. The other end of the spring can then be unscrewed from the 
cylinder cap. Another spring is put into the indicator by slipping it 
over the piston rod with the end stamped T uppermost, screwing this 
end into the cylinder cap, and screwing the piston to the lower end. The 
pencil mechanism must be moved downward until the piston rod enters 
the piston and the square shoulder enters the corresponding square 
socket in the piston. In this last operation care must be taken that the 
rod is firmly and accurately in the hole, and then the screw at the bottom 
of the piston should be firmly applied. 

Precautions for Care of an Indicator. —Unless an engine indicator is 
well taken care of, very soon it will be in a condition in which no reliance 
can be placed on results obtained with it. That the necessary pre¬ 
cautions should be taken is all the more important, because it is one 
of the most expensive as well as most delicate instruments used by 
an engineer in his ordinary practice. The following precautions are 
particularly important: 

1. Before an indicator is used, all the working parts, especially the 
piston, should be carefully cleaned. Then after a spring suitable for 
the pressure has been attached in its proper position and a little cylinder 
oil has been smeared in a thin coat on the working surface of the piston, 
the parts should be replaced. Moving parts of the pencil mechanism 
should be oiled occasionally with watchmaker's or porpoise oil. It is a 
very good practice, especially when comparatively new indicators are 
being used on long tests, to take out the piston of the indicator fre¬ 
quently and smear it with cylinder oil. For lubricating this piston it 
is a little better to use a comparatively thin cylinder oil of high flash 
test (like gas-engine oil) than one that is very viscous. 

2. Adjust the screw on the handle provided for moving the pencil so 
that when the pencil is sharp the application of the usual pressure on the 
handle will give a very fine line. 

3. Adjust the length of the indicator cord so that the drum will be 
neither too loose nor too tight or, in other words, so that the drum will 
not strike either of the stops when the engine is operating. On a small 
engine this is most easily tested by observing the diagram w^hen the 
engine is on each of the dead centers. If the diagram is either too long 
or too short, the drum will not be moved the required distance, and the 
indicator diagram will be correspondingly too short and therefore inac¬ 
curate. The cord used should be selected with care. It must be of 
such a quality as not to be stretched appreciably by the forces to which 
it is subjected. For accurate w^ork and on long-stroke engines, fine 
annealed steel or phosphor-bronze wire, or indicator cord with a wire core,^ 

^ Indicator cord with a wire core which is guaranteed not to stretch in ordinary use 
can be obtained. 
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should be used. The length of the cord should be adjusted very carefully 
and fastened securely so that it will not slip or stretch so as to bring 
the drum up against one of the stops, making the diagrams too short. 
This effect can usually be detected by the clicking sound of the drum 
striking the stop, if there is not too much noise in the room.. The experi¬ 
enced engineer, however, will by force of habit invariably put his finger 
now and then during a test on the top of the drum or on the side of 
the bracket supporting it to determine whether its operation is satis¬ 
factory. Another way to determine a faulty adjustment on the usual 
crank-shaft type of engine^ is to measure the lengths of the indicator 
diagrams. If the cord stretches, the diagrams will be variable in length. 

4. The atmospheric line should always be taken preferably after the 
diagram has been made. It is drawn, of course, when the indicator cock 
is closed. By this order of procedure in tests, the diagram can be more 
easily taken exactly ^^on the signal.’’ The length of the diagram must 
always be measured on the atmospheric line or on a line parallel to it. 
The indicator cock should be kept closed and the cord to the reducing 
motion should be unhooked except when a diagram is to be taken. When 
the cord is unhooked, the drum should not be permitted to snap back 
against the stop. By observing these precautions the useful life of an 
indicator can be much prolonged. 

5. Immediately after a diagram has been taken, it should be removed 
from the drum and examined. If there are unusual irregularities in 
the lines, unaccountable differences in the areas or in the lengths of differ¬ 
ent cards, the facts should be noted and the best efforts should be made to 
remedy the faults. Irregularities are usually due to stretching of the 
indicator cord, grit on the piston, lost motion in the working parts 
(usually inside the indicator cylinder), or excessive friction caused by 
overheating of the piston, particularly when used on gas engines. 

To correct these faults concerning the piston, it must be removed from 
the cylinder and should then be carefully cleaned and again lubricated 
with cylinder oil. Before putting the piston and connected parts back 
into the indicator cylinder, it should be observed whether or not all the 
parts are connected firmly and without lost motion. 

6. After a test, the indicator should be removed immediately from 
the engine, protecting the hands with waste or thick gloves to prevent 
burns. All the parts, especially those in the cylinder, should be thor¬ 
oughly cleaned and then put together again without the spring, which 
should be put away with the other springs in a box provided for the indi¬ 
cator. An indicator should never be handled by taking hold of the drum, 
as usually it is fastened to the indicator by only a loose slip-joint, and this 
comes off easily. 

^ In an engine without a crank shaft, like a direct-acting steam pump, the length of 
the stroke, and consequently of the indicator diagram, is likely to be variable. 
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7. Before opening the indicator cock to take the first diagram in a 
test, examine the indicator carefully to see that piston, spring, and pencil 
mechanism are attached securely. A good method is to take hold of the 
end of the pencil lever near the pencil point and try to move it up and 
down. If there is no lost motion observable and the pencil point seems 
to be at about the right height for drawing the atmospheric line, it may 
be assumed that the indicator has been assembled properly. Otherwise 
it will be observed immediately by this test if the indicator has been put 
on the engine without inserting a spring, or if the milled nut at the top 
of the indicator cylinder has not been firmly screwed dowm. Observe 
also whether the union” nut attaching the indicator to the cock is 
held by at least three or four good threads. Otherwise if this nut slacks 
back a little the wiiole indicator may be throW'ii by the force of the steam 
pressure against the ceiling of the room. More indicators are worn 


out and broken by careless 
assembling than in any other 
way. 

8. One of the best ways to 
put an indicator card on the 



drum is to first bend over one 


of the short edges of the card 
on a line about J inch from the 
end and place this end with the 
line of bending snugly against 
the top of the longer clip on 
the drum. Then lap the card 
around the drum and insert 
the other end of the card into 



Fig. 103.— Essential parts of a simple optical 
indicator. 


the upper end of the shorter clip. The card should then be pushed dowm 
to the stops in the clips, being careful, however, to keep it tight and 
straight, so that there will be no wrinkles. Finally, to prevent the card 
from shifting on the drum, the end of the card under the shorter clip 
should be bent over carefully and firmly. 

Optical Indicators.—The usual types of indicators operating with a 
piston are not suitable for engines running at much over 400 revolutions 
per minute. For higher speeds, optical indicators are used. These 
operate by the deflection of a beam of light from a mirror, the deflection 
being proportional at any instant to the pressure. When such a device 
is used on an engine, successive indicator diagrams can be readily observed 
and compared by marking with a pencil the reflection upon a ground-glass 
plate; and if a photographic sensitive plate is exposed to the beam of 
light in the place of the ground glass, a permanent impression can be 
taken, showing at any instant the operation of the engine. Optical 
indicators are practically the only kind that can be used successfully for 
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indicating the action of modern high-speed automobile engines. The 
pressure is communicated to the instrument through the usual type of 
indicator cock supporting it. A simple reducing motion serves for 
reducing the length of the stroke of the engine to a suitable size for such a 
small instrument. A glass mirror moved about an axis by the motion 
transmitted by the reducing motion from the cross-head and about 
another axis at right angles to the first, by the pressure in the engine 
cylinder reflects a beam of light from an electric-light bulb upon a sheet 
of paper so that the indicator diagram can be traced with a pencil or may 
be photographed. 




Fici. 104.—Hopkinson optical indicator. 


Details of the essential parts of this instrument are shown in Fig. 103. 
Through the indicator cock the pressure in the engine cylinder is com¬ 
municated to the cored passages marked A, A, This pressure tilts the 
mirror B, attached to the thin steel diaphragm 2). When, therefore, the 
mirror is still, a ray of reflected light will be seen as a bright spot on 
the screen; but when moved both by the pressure and by the motion of 
the cross-head the conventional indicator diagram is traced. It is very 
interesting to watch the rapid change of shape of such diagrams as load, 
speed, pressure, cut-off, etc., are changed. With such an instrument 
these interesting phenomena in engine operation can be illustrated on a 
ceiling to a large class of students. 

The Hopkinson optical indicator is shown very clearly in Fig. 104. 
It is essentially similar to the one in Fig. 103, except that it has a piston F 
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instead of a diaphragm and a direct type of reducing motion is used as 
shown in Fig. 105. 

Newell High-speed Indicator. —A high-speed indicator for automobile 
engines has been developed by the Bureau of Standards. This device 
has the advantage over some types that the recording mechanism need 
not be located close to the engine. This instrument has a thin steel 
diaphragm (Fig. 106) about an inch in diameter, which is mounted 



Fio. 105.—Reducing motion for Hopkinson indicator. 

between two slightly concave supporting plates which are perforated to 
permit the pressure to reach the diaphragm. The range of .motion of 
the diaphragm is limited to about inch. The center portion of one 
of the supporting plates is electrically insulated in such a way that an 
electric current is made as the diaphragm makes contact with this 
supporting plate. The body of the instrument is fitted to screw into 
a spark-plug hole. 



Fig. 106.—Newell high-speed indicator. 


A supply of air or gas in a tank under pressures as high as those to be 
measured is necessary for balancing the engine-cylinder pressures. 
For the measurement of maximum and minimum pressures occurring 
in a cycle, a pressure intermediate between the maximum and minimum 
is applied to the diaphragm from an air or gas storage tank. This 
pressure is increased until clicking ceases in a telephone receiver in 
circuit with the electric contact on the diaphragm, for the maximum 
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pressure, and is decreased for the minimum pressure. To produce a 
complete diagram of a cycle, a one-point timer is connected in series 
with the telephone circuit and by setting the timer at a given point 
the required pressure will be indicated on pressure gages when a clicking 
sound is heard in the receiver. It is convenient to set the timer at 
successive positions and adjust the pressures to correspond. An auto¬ 
matic recording mechanism has been devised which makes a photo¬ 
graphic record of electric sparks when the required pressures are obtained 
as shown in Fig. 107. 
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Fig. 107.~ Details of Newell indicator. 


Midgley Airplane-engine Indicator. ^—The optical type of engine 
indicator shown in Fig. 108 consists of the pressure element A and the 
camera B, In this instrument, the pressure element, in this case a piston, 
is located in the wall of the cylinder C. This avoids the usual errors 
that may be due to inertia effects and pressure-time shifts caused by 
relatively long connecting parts. The spiral spring S is mechanically 
connected so that it resists the upward movement of the piston in the 
cylinder C. The motion of the piston, which is always very small, is 
transmitted by a light rod to a bell crank, through which the position of 
a small flat mirror M is changed about a horizontal axis. The source of 
light is a small incandescent electric lamp from which the light is admitted 
to the camera B through a small circular opening 0. Beams of light as 
reflected from the flat pressure mirror M fall upon an octagonal mir¬ 
ror D, which is either oscillated or revolved (depending on whether 
pressure-volume or pressure-time diagrams are desired), and is reflected 
from the octagonal mirror to a curved glass plate E, In the usual 

^ The Midgley optical indicator is described in detail in Diederich and Andrae, 
“Experimental Mechanical Engineering,” p. 291. 
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operation of the instrument, indicator diagrams are traced on the curved 
ground-glass plate E where they can be seen by the eye. When photo¬ 
graphs are desired, a curved clear-glass plate replaces the curved ground- 
glass and a sheet of photographically sensitive paper is fastened to the 
clear glass. 

Calibration of Indicator Springs.—The pistons of engine indicators 
are invariably made of a very definite area, usually \ square inch; and 
it is possible to calibrate the deflection of the springs with respect to 
this area, so that a certain definite pressure per square inch^ in the 



cylinder will correspond to a definite deformation of the springs. In 
English units, the pressure on the piston in pounds per square inch 
corresponding to a vertical movement of the indicator pencil on the 
diagram of 1 inch is called the scale- of the spring. Indicator springs 
should always be calibrated by the makers. The calibration should be 
made when they are in the indicator in which they are to be used. 

Apparatus for the Calibration of Engine Indicator Springs.—An 
apparatus similar to the one designed by Prof. M. E. Cooley is very 
generally used for the calibration of indicator springs. One of the latest 
and more elaborate forms of this instrument is showm in Fig. 109. In 
its essential parts this apparatus consists of a small cylinder (7, sup- 

^ Indicators are always designed to relieve the pressure above the piston due to 
leakage around it, so that on this side there is always atmospheric pressure. 

* Instead of ‘‘scale'^ the word ^^nurnber” is often used. That is, a spring of which 
the scale is 40 pounds per square inch would be called “No. 40.” 
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ported on a bracket By a connection I at the top of this cylinder for the 
attachment of the indicator to be tested, and a stuffing box or gland at 
the bottom of the cylinder into which a plunger piston P is fitted. The 
lower end of this plunger rests on a sensitive platform scales. Any 
pressure in the C3dinder C can therefore be weighed. Steam may be 
admitted to the cylinder through a pipe E and is exhausted through the 
pipe A . By adjusting the globe valves on the pipes A and E, any pressure 
desired can be secured in the cylinder C, and this same pressure is, of 
course, exerted both on the piston of the indicator above and on the 



Fia. 109.—Cooley apparatus for calibrating indicator springs. 


plunger P below. This plunger is usually made with an area of ^ square 
inch. For a plunger of this area, then, if for a given pressure the scales 
balance at 10 pounds, the pressure in the cylinder C, and on the piston 
of the indicator, is 20 pounds per square inch. To eliminate friction^ 
as much as possible, the plunger P should be kept spinning when obser¬ 
vations are being taken. For this purpose a hand wheel K with con¬ 
siderable mass, for its '^flywheel'' effect, is provided on the shaft of the 
plunger. A more uniform motion of the plunger is obtained, however, 
by having the hand wheel grooved to take a small belt to be driven by 
an electric motor M. The plunger is supported usually on a ball-bearing 
joint set in a low pedestal L. 

^ The operation of the apparatus is usually much improved by pouring, just before 
the steam valves are opened, a few drops of cylinder oil into the cylinder C through I 
to lubricate the plunger. 
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By connecting the pipe ^ to a suitable manifold or similar fitting, to 
which are attached three separate pipes supplying, respectively, steam, 
air, and water under pressure, an indicator can be tested with varying 
pressures under the actual conditions in service, that is, when used for 
steam, air, or water, American engineers always prefer making calibra¬ 
tions of indicators under conditions as nearly as possible like those in 
ordinary use. The Power Test Committee of the A.S.M.E. recommends 
the following procedure: 

To bring the conditions approximately at least to those of the working indicator, 
the steam should be admitted to the indicator in as short a time as practicable for each 
of the pressures tried, and then the indicator cock should be closed and the steam 
exhausted before another pressure is tried. By this means the parts are heated and 
cooled as under working conditions. For each required pressure open and close the 
indicator (^ock a number of times in quick suc(;ession, then (quickly draw the line for the 
desired record, observing at the same instant the reading” of the standard used for 
comparison. A corresponding atmospheric line is to be taken immediately after each 
pressure line. 

Indicator springs for gas and oil engines should also be calibrated with the indica¬ 
tor in as nearly the same condition as to temperature as exists when it is in use. A 
simple way of heating recommended is to subject it to steam pressure just before cali¬ 
bration. Compressed air is a suitable fluid for the actual calibration, being preferred 
to steam, as it brings the conditions as nearly as possible to those of practice when the 
indicator is in actual use in gas or oil engines. 

In Europe an apparatus like Fig. 110 is used a great deal. It is essen¬ 
tially the same as the dead-weight gage testers described on page 22, 
except that there is a connection for an 
indicator. Pressure is applied by loading 
weights on the platform P resting on the 
plunger. In this apparatus the gage G serves 
merely as a means of checking and avoiding 
mistakes. American engineers object to this 
method because the calibration is made when 
the indicator is under nothing like the condi¬ 
tions of service, at least as regards temperature. 

Many engineers calibrate their indicators bv ii^;—pead-weight tester 

. - . , 1 i , 1.1 f^r mdioator springs. 

comparing them with a good test gage which 

has been carefully calibrated with a dead-weight tester. The gage and 
the indicator are put on the same pipe carrying high-pressure steam. 
The movement of the pencil of the indicator is carefully observed and 
compared with the reading of the gage. This latter is the method 
suggested by the Power Test Committee of the A.S.M.E. in their report 
in November, 1912. 

A somewhat simpler form of apparatus intended for the so-called 
*^dry method'^ of testing is showm in Fig. 111. A suitable fitting for 
receiving the indicator I is supported on the bracket B, The legs of 
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this bracket span over a sensitive platform scales S. A small rod R 
rests at its lower end on a small pedestal standing on the platform of 
the scales S. On the top of this rod there is a cap supported on a small 
conical bearing to give some flexibility. This cap is made to fit easily 
into the lower side of the piston in the indicator. The indicator itself is 
attached to the top of the hand wheel W. Then when the hand wheel 



Fig. 111.—Apparatus for “dry” method of indicator spring testing. 


is screwed downward, the indicator comes down with it and compresses 
the indicator spring. At the same time a pressure is exerted on the 
rod Rf which can be balanced on the scale beam. When a force is 
applied to compress the spring in the indicator, the magnitude of the 
force can be determined by weighing the pressure on the scales. If the 
area of the piston in the indicator is J square inch, then twice the weight 
on the scales is the pressure exerted in pounds per square inch. Heat 
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can be applied to the indicator by passing steam through a rubber or 
flexible copper tube wrapped around the cylinder.^ 

Method for Calibration of Springs. —After the internal parts of the 
indicator are cleaned, the spring to be calibrated inserted, and the piston 
oiled with cylinder oil, the indicator is to be attached to the indicator 
cock on the calibrating apparatus. Before the card is put on the indicator 
drum on which the record is to be made, two approximately parallel 
and vertical lines should be drawn on it about \ inch apart, similar to the 
lines AB and CD in Fig. 112. Meanwhile the indicator should be 
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Fig. 112.—Sample card illustrating a test of an indicator spring. 


thoroughly warmed if a calibration with steam pressure is to be made. 
Then wdth the indicator cock and the valve on the steam pipe E (Fig. 109) 
closed and the exhaust pipe A open, draw the first calibration line on the 
card. This should be made by setting the pencil point at Z>, and then by 
pulling the cord attached to the drum draw a line crossing the vertical line 
AB, With springs of w^hich the scale is 40 pounds per square inch or less, 
a similar record should be made for increments of every 5 pounds change 
in pressure, while for higher scales the increments may be made 10 
pounds. If with increasing pressures the lines are drawm toward the 
left, then with decreasing pressures they should be drawn toward the 
right with equal increments, beginning at the opposite vertical line AB, 
By this method the corresponding lines for equal pressures will be imme- 

1 Some engineers advocate that an indicator should be slightly jarred just before 
each calibration line is drawn, intending that this jarring is equivalent to the vibrations 
which an indicator receives when in service on an engine. Since, however, readings 
are taken with both increasing and decreasing pressures, it is doubtful whether this 
additional work is necessary on an apparatus like Fig. 109. If, on the other hand, a 
dead-weight tester as in Fig. 110 or the method of comparison with a test gage (p. 21) 
is used, tapping both the indicator and the gage is probably very advisable. 
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diately over each other between the two verticals. With an accurate 
scale, graduated preferably to 0.01 inch, measure between AB and CD 
the distance from the atmospheric line first drawn to the various “pres¬ 
sure lines” and record the results. Care should be taken that with the 
increasing increments the pencil rises to the required pressure and that 
with decreasing increments it falls to these pressures. In other words, 
if, when the lines for increasing pressures are being drawn, the pressure 

rises too rapidly to draw the 
line at the proper time when 
the scale beam is just 
balancing, then the pressure 
should be again reduced 
below the value required, so 
that the pencil will be again 
ascending when the line is 
drawn. Similarly for de¬ 
creasing pressures, if the 
pressure gets too low, it. 
must be increased and again 
brought down to the re¬ 
quired value. ^ If the re¬ 
sults obtained do not seem 
to be consistent, the diffi¬ 
culty is probably due to 
passing the required pres¬ 
sure so rapidly that the lines 
have not all been draw n at. 
the proper time. 

Fig. 113. —Apparatus for testing indicator springs in The difference between 

the lines for increasing and 
decreasing pressures shows the amount of friction and lost motion in the 
indicator.2 The error of the instrument is obtained by comparing the 
mean ordinates of the card thus obtained with the actual pressures as 
determined by weighing. From time to time the accuracy of the plat¬ 
form scales should be determined by testing with standard weights. For 
dependable results two calibrations, each “up and down,” should be made 
for each spring and the results compared. 

When indicators are used for pressures which are never less than 
atmospheric, the springs in indicators like Fig. 97 are in compression and 

^ The same precaution must be observed in beginning the test. To be sure that 
the pencil and piston have not been falling instead of rising, the piston rod should be 
pushed down lightly before the atmospheric line is drawn. 

2 Half of this difference, to be more accurate, represents the friction and lost motion 
in any one position. 





ENGINE INDICATORS AND REDUCING MOTIONS 


135 


apparatus of the form described are satisfactory; but when such indica¬ 
tors are used on the low-pressure cylinders of engines, the springs 
are usually in tension. For this service a slightly different device 
must be used for calibration. A suitable apparatus is shown in 
Fig. 113. 

The indicator is supported on a bracket similar to the one used in 
the apparatus shown in Fig. 111. A short steel rod (about No. 18, 
B. & S. gage) is attached to the lower side of the piston in the indicator 
by screwing into a hole tapped centrally. Now if weights are suspended 
from the end of this rod,^ the spring can be calibrated in tension by 
drawing lines on a paper card placed on the drum in the same general 
way as when the spring was tested in compression. 

Suggested forms for the arrangement of data for these calibrations 
are given below. Form A is the one commonly used, and the results 
obtained by the suggested method of calculation are in accord with the 
recommendations of the Power Test Committee of the A.S.M.E. For 
more accurate work, form B may be used. 

Form A.— Calihration of Indicator Sprincj (Compression) 

In indicator No. 

Rated scale of spring. 

Diameter of piston of testing apparatus.inches 

Area of piston of testing apparatus.square inches 

Identification marks on spring. 



* ‘‘The c. till brat ion of a spring should be made for at least five equidistant points. For ordinary 
work the arithmetical mean of the varioUwS results should be taken for the average scale." (Report of 
Power Test Committee of A.S.M.K., 1912.) 


^ The weight of this rod and wires or strings supporting the weights must be added 
to them to got the correct tension. If, however, only the true scale of the spring is 
desired, as is usually the case, the weight of these parts need not be considered, pro¬ 
vided, of course, the atmospheric as well as the other lines are all drawn with these 
parts attached to the piston. 
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Form B.— Calibration op Indicator Spring (Compression) 

Date.Observers. 

Maker of indicator.Type of indicator. 

Scale or ^‘number” of spring.Area of plunger or tester.. .square inches 

Method of calibration.Laboratory No. 

Barometer.inches of mercury.pounds per square inch 


Dead load 

Check gage 
pressure, 
pounds per 
square inch 

Ordinates measured indicator 
card,inches 

True^ mean 
scale or 
“number,” 
pounds per 
square inch 
(column 2 
column 7) 

Percentage 
error [^col- 
umn 2 + 
column 9) -J- 
column 2] 

Net 

weight 

on 

scales, 

pounds 

Actual pres¬ 
sure on 
piston, 
pounds per 
square inch 

Up 

Down 

Mean 

Friction 
and lost 
motion 
(column 6 
— colvimn 
5) 

Read¬ 

ing 

Cor¬ 

rected 

reading 

4 

1 

1 

2 

3 

1 j 

5 j 6 

7 

8 

9 

10 












* Column 9 gives tl>e really important results of the test. The values given here arc to be u.sed aa the 
true scale of the spring for values of mean ordinates of indicator diagrams nearest to corresponding 
values in column 7. A curve showing successive ranges of the scale of the spring should be plotted 
similar to Fig. 31 with true scale plotted against mean values of the diagram ordinates (column 7). 


Ctirves. —Results should be shown graphically for calibrations of 
indicator springs by plotting for abscissas the actual pressures in pounds 
per square inch and for ordinates the corresponding average height, in 
inches, above the atmospheric line. Use very large scales, as otherwise 
these curves arc of little value. 

Reducing Motions or Driving Rigs for Indicators. —In most engines 
the length of the stroke is very much longer than the greatest possible 
movement of the drum of the indicator. It is therefore necessary to 
provide some means, called a reducing motion, which produces shorter 
movement, but which at every instant corresponds exactly with that 
of the cross-head. If this correspondence is not secured, the length of 
the indicator diagram cannot be accurately reduced or calculated, 
and the timing of the events or so-called ‘‘points in the strokewill not 
be correctly represented. 

The most satisfactory reducing motion or driving rig for an indicator 
is some form of well-made pantograph (Fig. 114) with a driving cord 
of fine annealed wire or a linen cord with a stranded wire core. Although 
unstretchable cord is to be preferred, it is not always available and 
ordinarily satisfactory results are obtainable with good hemp and linen 
cords if properly stretched in the process of manufacture. 
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cross-head. Similarly, unequal angularity in a marked degree of the 
part of the cord connected to the reducing motion must be avoided for 
the same reason. The cord must leave the reducing motion as nearly 
as possible in a line parallel to the axis of the cylinder. 



Fig. 116 .—Incorrect method of connect- Fig. 116 .—Correct method of connect¬ 
ing indicator directly to cross-head. ing indicator to cross-head. 


Pipes and cocks leading from the clearance space in the cylinder to 
the indicators should be as short and direct as possible. Except where 
no other device is practicable, the use of a three-way cock (Fig. 139, 



Fig. 117.—Simple pantograph for two indicators. 

page 149) and a single indicator for a double-acting engine is not con¬ 
sidered good practice. An indicator should be provided for each end for 
accurate work. The two indicators can be usually connected up to a 
single reducing motion in some such way as shown in Figs. 117 and 118. 



Fig 118. —Approved method of connecting two indicators to one reducing motion. 


Error produced by the use of three-way cocks is usually in increasing the 
area of the indicator diagram, owing to the tardiness of the indicator in 
responding to the changes of pressure. 
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One of the simplest forms of reducing motions is illustrated in Fig. 
119. This device is pivoted at one point ^4 to a pedestal supported on 
the frame of the engine and has a link BH connected to the cross-headi 
The indicator cord rides in a circular arc CD, proportioned to give the 
required movement to the drum of the indicator. Although this arrange- 



110. - Single pendulum reducing motion Fk.. 120.—Approximately accurate pen¬ 
dulum device. 


ment does not give an exact reproduction of the movement of the cross- 
head, yet if the pendulum AB and the cross-head are simultaneously 
at the middle of their strokes and the position B is as far below the hori¬ 
zontal drawn through JI (Fig. 120) as the extreme positions F and F' 
are above it, the error is insignificant. An improved type of this device 
is shown in Fig. 121, in which the cord rides in a groove on the cir- 


A 



Flu. 121 —Maloney’s reducing motion. Fio. 122.—Oscillating-arm device. 

cumference of a quadrant pulley. By attaching the pendulum to the 
quadrant pulley by means of a suitably designed slip’'-joint or clutch, 
the pendulum can be disconnected from the quadrant so that the seg¬ 
ment and the indicator cord will be moved only when the indicator 
diagrams are to be taken. 
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A very good and simple device is shown in Fig. 122, consisting of two 
rods AB and BCf together with a pin D for the attachment of the indica¬ 
tor cord. If this is made so that AB = BC, then in any position of the 
arms the movement of the point D will be exactly proportional to that 
of the cross-head at C. The point A is fixed to the frame of the engine. 
The point B will always move half as far horizontally as C, because ABC 



Fig. 123.—Plan 'sdew, showing attachment of pantograph. 


is an isosceles triangle and the perpendicular drawn from B to the line 
AC bisects it. Then the horizontal movement of any point D in AB 
AD AD 

will be -T-B of that of B or of the length of the stroke. Except for 
AiJ ZAJd 


the very small change of the angularity of the cord as D goes from the 
position 1 to 3, the motion of the indicator drum moved by this device 
will be perfect. 



reducing motion. 



Fig. 125.— Simple parallel reducing motion as 
attached to a steam engine. 


Figures 123, 124, and 125 are illustrations of modified forms of 
pantographs, sometimes known as lazy-tongs. Because of the numerous 
parts of which they are composed, requiring a great number of joints, 
they are likely to be troublesome with high-speed engines. A plan 
view showing one of the methods of attachment of this device to a hori- 
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zontal engine is given in Fig. 123. The obvious objections to the arrange¬ 
ment as shown are that there is more than the allowable angularity 
of the indicator cord between the pantograph and the pulley on the indi¬ 
cator, and that a single indicator is connected up by a three-way cock to 
both ends of a double-acting engine with a long stroke. 

The ones illustrated in Figs. 124 and 125 are very commonly used. 
They are made usually of rods of iron or of steel nicely riveted together 




Fig. 12G.—Inaccurate crank-shaft drive. 


at the joints. The indicator cord is generally attached as at B (Fig. 124) 
and the ends A and C of the longer rods are fastened, respectively, to 
the cross-head and to the frame of the engine. It is a necessary requisite 
that in all these pantograph types the points corresponding to Ay B, 
and C shall lie in a straight line as shown, and DE must be equal in 
length and parallel to FG. Then AF is in the same ratio to HF as the 
stroke of the piston is to the length of the indicator diagram. 





Fig. 127.— Crank and pin indicator drive. 


It is often very convenient, especially in single-acting engines, to drive 
the indicator directly from the main crank shaft. A device* of this kind 
often found in practice, but which does not give a true diagram, is 
shown in Fig. 126. The correct method to use in this case is illustrated 
in Fig. 127, applying a small crank mechanism. For absolute accuracy 
the ratio of the length of this connecting rod ah to the length ao of the 
‘‘equivalent crankshould be the same as the ratio of the length of the 
connecting rod of the engine to the length of the engine crank. 
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The eccentric device (Fig. 128) is, of course, the same in principle as the 
crank mechanism. The only advantage for the latter is that it can be 
conveniently adjustable for a number of engines if the eccentric E is made 
in two halves with bushings suitable for adapting it to shafts of different 
diameters. The line of greatest eccentricity must, of course, be set 
exactly parallel to the engine crank (and in the same direction). This 
last statement applies also to the devices shown in Figs. 126 and 127.^ 



One of these crank-shaft devices must usually be applied in the case of 
single-acting engines, particularly where the connecting rod is attached 
directly to the piston. Another method often used on single-acting 
engines which do not have a closed crank case is a modification of that 
shown in Fig. 119. The stud A is supported in the usual way by a bracket 
bolted to the frame of the engine. A small fixture F (Fig. 129) provided 



with holes in the sides for the insertion of a small pin is attached, usually 
screwed, to the hub M of the piston. The swinging arm BH (Fig. 119) 
when pinned to the fixture F transmits freely the motion of the piston 
to the arm AB, Since both the point of attachment of the indicator 
cord and the point B move in arcs of circles about the same center A, 
the indicator drum will be moved in almost exact coincidence with the 

^ The error introduced by using the plain pin device is minimized by using a wire 
instead of a string up to the point of attachment of the hook on the cord attached to 
the drum of the indicator and making the length from the pin P (Fig. 126 ) to the 
guide pulley G as long as possible. 
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motion of the piston. The portion of the indicator cord attached to the 
arm AB should be moved as nearly as possible parallel to the line of 
the stroke of the engine for the best accuracy. 



Fig. 130.—Reducing motion of c*on(;entric pulleys. 


Reducing wheels which consist simply of a large and a small pulley 
attached to the same axis are corning into more or less general use. A 
typical arrangement is illustrated in Fig. 130. Pulleys D and D' are 



Fig. 131.—Indicator with reduciiig-motion attachment. 

usually connected by a sliding sleeve so that they can be disconnected 
when indicator diagrams are not being taken. 

Reducing wheels are not infrequently made for attachment directly 
to the indicator, as illustrated in Fig. 131. The figure shows the Crosby 
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reducing-wheel attachment. In Fig. 131 the cord on the wheel comes 
from the cross-head or from a bracket on it, and gearing drives the drum 
of the indicator. The ratio of the diameters of the wheels gives the 
reduction ratio. Each reducing wheel is provided with a “nest” of 
annular rings to be put on the small wheel to change its diameter, so that 
various reductions are easily arranged to suit the stroke of the engine. 



Fig. 132.— Single reducing wheel driving two indicators. 


The device shown in Fig. 131 is started and stopped by turning the 
handle 14 and moving the clutch 25. 

An arrangement of two indicators h and /2 to be driven from a single 
reducing wheel R is shown in Fig. 132. The connection to the cross¬ 
head C is by a bracket B, It is best in most cases to have a reducing 

wheel for each indicator in use, but this 
arrangement will often be very serviceable 
when, for example, one of the reducing wheels 
has broken down. 

Some indicators are provided with detents, 
jj which are devices for starting and stopping 
the drum. For stopping the drum, they 
Fiq. 133. Trill’s hook for indi- operate by engaging a pawl into teeth on the 

cator cord. . p T i ^ ^ , 

circumference of the drum near the bottom. 
Obviously, the pawl must engage when the cord is pulled out to 
near the end of its stroke. After engaging the pawl, the cord will be 
likely to flap about on the return stroke, catch on something, and be 
broken on the next outward stroke. The best way to prevent this is to 
connect the string to a helical spring or rubber band to keep it taut. 

In engine testing for long periods it is desirable to save wear of reduc¬ 
ing wheels as much as possible by disconnecting the cord connecting 
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the pulley with the cross-head during the intervals between the taking 
of diagrams. Hooks like those shown in Figs. 133 and 134 are very 
convenient for this purpose, particularly if attachment can be made to 
pins or rods fastened to the cross-head. The hook shown in Fig. 133 is 
intended to be held between the thumb and finger at about an inch 
from either end of the stroke, so that the pin or rod on the cross-head 
strikes the straight part of the hook, and immediately the pin or rod will 
be caught in the hook as shown by the dotted lines. The one shown in 
Fig. 134 is also frequently used. Both hooks are intended to be pulled 
off the pin or rod when the cord is to be disconnected. Unless some 
special form of hook similar to the ones described is used, it is difficult 
to connect up the cord when a diagram is to be taken. Provision should 
also be made for preventing a disconnected indicator cord from being 
broken by getting tangled in the moving parts of the engine. Such 
difficulties can usually be avoided, with such a device as the one in 



Fla. 134.—Simple hook for indicator cord. 


Fig. 133, by continuing the cord from its point of attachment to the 
reducing motion closely past the indicator drum to a pipe or simple 
bracket that may serve as a stationary support. Between the indicator 
and this support a spiral or helical spring of light wire or a heavy rubber 
band is inserted in the cord. By this means the cord will always be kept 
taut and in motion when disconnected from the reducing wheel or from 
the indicator, as the case may be. If a ring is attached to the cord close 
to the reducing wheel and between it and the cross-head, it will be con¬ 
tinually in motion, but it will be very easy to hitch into it the hook on the 
cord attached to the reducing motion. This method is particularly 
recommended in every case where wire is used instead of cord. 

Relative Accuracy of Indicator Motions.—Pantograph types like 
Figs. 114, 117, and 123 to 125 give usually the best accuracy on small 
engines, if constructed accurately and used with short strings. The 
most important of the disadvantages is that invariably after a time they 
get shaky in one or more of the various joints, causing lost motion in 
the drive and many breakdowns in the indicator rigging. Pendulum 
types, like Figs. 119 to 121, are accurate enough for most work. The 
length of the pendulum should in either type be not less than one and a 
half times the length of the stroke. 

Types using concentric pulleys, like Figs. 130 and 131, although 
suitable and quite serviceable for use on low-speed engines, are not 
accurate enough for good work on even moderately high-speed engines 
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and are always likely to make trouble on account of the indicator cords 
and wires getting twisted and torn. The inertia of the pulleys at high 
speeds tends to cause them to overrun at the ends of the stroke. Those 
having no means for mechanically starting and stopping the motion of 
the drum are also objectionable because of the difficulty usually experi¬ 
enced in hooking and unhooking the cord. 

The crank-shaft drives illustrated by Figs. 127 and 128 are to be used 
only when one of the better methods is impracticable, as, for example, on 
single-acting engines. The device shown in Fig. 129 can be used also on 
some single-acting engines and is to be preferred to the others mentioned. 
It cannot be used on types of engines having a closed crank case like some 
small vertical steam engines, most automobile engines, and two-cycle gas 
engines. 

All reducing motions should be designed to operate with a minimum 
number of guide pulleys. 

Errors in Indicator Diagrams and in Calculations of Indicated Horse¬ 
power.—Taking indicator diagrams from steam or gas engines is regarded 
by most engineers as a very simple and commonplace operation, and 
consequently it is not unusual to find inexperienced persons placing 
great reliance upon indicator diagrams and the calculations therefrom, 
when, as a matter of fact, the conditions under which the diiigrams were 
obtained make them in error povssibly from 5 to 10 per cent. Except 
in the hands of an expert, the engine indicator, even of the best makes, 
cannot be relied on to gi\'e the mean effective pressure in th(i engine 
cylinder with a smaller error than 2 or 3 per cent. Principal sources 
of errors found in indicator practice will be discussed in the following 
sections. 

1. Errors in the Reducing Motions.—The theory of the application 
of the engine indicator requires that the drum shall move in synchro¬ 
nism with the piston of the engine, following accurately its changing 
speed from one end of the stroke to the other. lOrrors in the applica¬ 
tion of this principle are usually found in the construction of the reduc¬ 
ing motion. A familiar example of such errors is shown in Fig. 126 
(see page 141), showing the drive for the drum of the indicator taken 
directly from a pin on the crank shaft of the engine. Another common 
error is in the application of parallel-motion drives like Figs. 124 and 125, 
when the points marked A, B, and C are not in line—in other words, 
so that a straight line will not pass through the three points. Stretch in 
the string, particularly if it is long, is a fruitful source of error. If the 
string stretches only a little so that it does not bring the drum up against 
one of the stops, this error is difficult to observe; but when the cord 
becomes so long that the diagrams drawn are not of the normal length, 
the effect can be detected by the knock of the drum against the stop 
and also by the distorted diagrams, of which Fig. 135 is an example. 
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The full lines show the kind of diagrams that are obtained when the 
indicator drum strikes one of the stops. The dotted lines show the 
parts of the diagrams that are missed. 

2. Vibrations Due to Inertia.—Indicator diagrams often show irregu¬ 
lar lines due to vibrations of the mechanism of the indicator, being par¬ 
ticularly pronounced just after a sudden change of pressure like that 
occurring in a gas engine following the point of ignition. Figure 136 is 
an indicator diagram taken from a gas engine which shows such oscilla¬ 
tions. The same sort of effect is observed in high-speed steam engines 
after the sudden changes of pressure that occur at the points of admission 
and of cut-off. The great fluctuation of pressure at admission causes the 
oscillation at A in Fig. 137, while the irregularities in the expansion line 
at B follow the closing of the steam ports at cut-off. Vibration 




Fig. 135.—Rosult of having indioator Fig. 130.—Oscillations in diagram from 

cord too long. a gas engine. 

effects can usually be best eliminated by using a stiffer or stronger’^ 
spring. 

It is well known that frictional resistance will damp out vibrations. 

For this reason some engineers advise pressing the indicator pencil 
rather heavily on the drum to eliminate vibrations. This method, 
however, is not recommended, as errors due to excessive friction may be 
introduced which are far greater than those that can possibly be due ‘to 
the oscillations shown in the diagrams. 

Practically only those errors resulting from the incorrect measure¬ 
ment of the areas of the diagrams will be attributable to vibrations. 
Generally, a mean line drawn through the oscillations so that the areas 
of the loops on one side of the mean will be equal to the areas on the other 
gives the average pressure. A mean line, shown dotted in Fig. 136, 
illustrates the method. Since it is usually difficult to follow accurately 
with a planimeter lines with long oscillations, it is often desirable to 
draw the mean line in all such diagrams and follow this with the tracing 
point of the planimeter. 

In order to avoid inertia effects when taking indicator diagrams on 
high-speed engines, the makers of the Thompson indicator recommend 
the following scales: 
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Maximum pressure (cage), pounds per square inch/. . . . . 
Scale or “number’* of spring. 


6 

so'eo 

80 

100 

150 

200 

250 

12 

24 40 

50 

60 

100 

150 

175 


For slow-speed Corliss engines the following scales may be used: 


Maximum pressure (gage), pounds per square inch 
Scale or “number” of spring. 



For engines operating at not over 200 revolutions per minute the 
Crosby Company recommends the selection of a spring making the height 
of the diagram for the maximum steam pressure at the engine about 
inches. For high-speed engines it is desirable to take smaller dia¬ 
grams to avoid excessive inertia effects of the indicator piston and pencil 
mechanism. It is also recommended that the length of the diagram 
should not exceed 2^ to 3 inches. 

3. Frictional Resistances.—That serious errors in indicator diagrams 
are often caused by excessive friction has already been pointed out, par¬ 
ticularly as regards the friction of the indicator pencil on the paper. An 



Fig. 137.—Oscillations in diagram from Fig. 1.38.—Diagram illustrating effect 

a steam engine. of a sticky piston. 


example of excessive frictional resistance in the indicator cylinder is 
shown in Fig. 138. Friction in this case was probably due to a sticky 
piston, that is, one that did not move freely in the cylinder of the indi¬ 
cator. The peculiar step-like’^ appearance of the expansion and com¬ 
pression lines is characteristic of this fault. Irregularities in the lines 
of diagrams due to friction cannot be corrected so accurately as can be 
done for pure oscillations, because in this case the pencil does not neces¬ 
sarily oscillate on the two sides of the true mean line equally but is 
almost continually above the true mean line of pressure in an expansion 
line, and correspondingly below when drawing the mean line of com¬ 
pression. In the case of distortion due entirely to pencil friction, the 
areas balance up fairly well, but tests show that the points in the cycle 
are late. It is therefore very important that the pressure of the pencil 
point on the paper should be carefully adjusted by the stop screw so 
that it makes a fine, light, but clearly legible line. With some types of 
indicators, specially treated^ cards are provided on which a metallic 
^ An ordinarily good quality of paper can be prepared for use with brass points 
by applying to one side of the paper a thin coat of a mixture of about one part (by 
weight) of zinc oxide (ZnO), four parts of water, and one-tenth part of gum arabic. 
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pencil point is to be used. Diagrams taken on such cards show always 
very fine and clear lines, but it is doubtful whether such diagrams are 
as accurate as those taken with a good fine black lead pencil on a card of 
ordinary paper, since, except in the hands of the skilled operator, there is 
likely to be more friction in taking the diagram. 

4. Errors Due to Faulty Indicator Connections to the Cylinder.—In 
many small power plants there is only one good engine indicator. On 



this account engines fitted only for commer(;ial indicating are usually 
provided with a three-way cock (Fig. 139), which is used to connect 
either end of the cylinder with the indicator. This arrangement of 
piping is illustrated in Fig. 130 (page 143). For accurate testing, how¬ 
ever, this sort of arrangement is not desirable, as the length of the pipe 
connections has an influence on the accuracy of the indicator diagrams. 
Long pipe connections have the effect of causing the indicator pressure 
to lag behind that in the cylinder^ and may thus give a mean effective 
pressure 2 or 3 per cent too large, depending, of course, upon the diameter 


s; H Cut-oir 

Fi(i. 140. —Diagram Bhowiiip; elTect of Fig. 141. — Diagram showing effect of 

long connecting pipes to inrlit^ators. stretching of indicator cord. 

and length of the pipe connections. Pipes which are too small in diam¬ 
eter have very much the same effect as those that are too long. Figure 
140 show’s a distorted diagram caused by indicator connections that w^ere 
much too long. The dotted line indicates the distorted diagram. A 
better arrangement is to screw’ an indicator cock directly into the end of 
each cylinder, and use two indicators, as shown in Fig. 117 (page 138). 

The arrangement of a three-way cock and double-pipe connections 
should never be permitted on either ammonia or air compressors because 




iGoss, W. F. M., Trails. A.S.M.E., Vol. 18, 1896. 
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the clearance volume in compressors is usually reduced to the lowest 
limit mechanically permissible, and such pipe connections would increase 
the percentage of clearance enormously. In testing compressors and 
very small engines, the pistons of the indicators used should not leak much 
because leakage affects the degree of compression and leakages of ammo¬ 
nia fumes are most objectionable to those operating the plant. 

6. Lost Motion in the Piston Connections and in the Joints of the 
Pencil Mechanism.—This is another fruitful source of errors. Fortu¬ 
nately, however, every engineer is usually able to get rid of lost motion 
due to looseness of joints without assistance. 

6. Stretching of the Cord.—The effect on the diagram of the stretch¬ 
ing of the cord when an engine was operating at 350 revolutions per 
minute is shown in Fig. 141. The full-line diagram w^as taken with a 
wire (no stretch) and the dotted line with a good quality of prepared 
hemp indicator cord. Stretching of the cord is due mostly to friction 
and inertia of the drum^ of the indicator. It has been shown that 
the mean effective pressure is proportional to the stretching of the cord 
caused by drum friction and that the least amount of stretch in a good 
indicator cord is j-o per cent of its length. In a cord 3 feet long, the 
stretching under the best conditions would be about - inch, making 
an error of about 5 per cent in the mean effective pressure in a diagram 
3 inches long. 

Fortunately, these errors due to inertia and friction have just opposite 
effects, the one making the diagram longer and the other making it 
shorter. The net result is apparently, according to reliable t(3sts, that 
the indicated horsepower even at speeds of from 300 to 400 revolutions 
per minute is probably never in error more than 2 or 3 per cent if the 
indicator spring, drum spring, and quality of cord are properly selected 
for the pressure and speed, and it is assumed that the piston and drum 
move freely and are well lubricated.^ 

Diagrams obtained with the ordinary piston and pencil indicator are 
probably as accurate as other data in engine testing if the speed does not 
exceed 300 or 350 revolutions per minute, but at higher speeds such 
diagrams are regarded as of little value.^ Automobile and airplane 
engines usually operate at 2,000 revolutions per minute and over at 
maximum power, and special indicators are required (page 125). An 
instrument of this kind shows practically no inertia effects and no cord is 
used, to cause errors by its stretching. 

7. Throttling.—Error in an indicator diagram due to not opening the 
indicator cock completely is shown in Fig. 142. Dotted lines are due 
to this throttling in the cock. 

' Reynolds, Osborne, in Proc. Inst. Civil Eng, (London) ^ Vol. 83. 

* Proc, Inst. Mech. Eng., 1909, pp. 785-798. 

* Piston and pencil indicators are made by the IT. Maihak Aktiengesellschaft, 
which give accurate diagrams at from 500 to 600 revolutions per minute. 
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8. Errors in the determination of the scale or ‘‘number” of springs 

are by far the most important in indicator practice. Power-plant 
engineers rely altogether too much on the calibrations made by the 
manufacturers of the indicator when it was new. That it is important 
to calibrate engine indicators with their springs frequently with some 
reliable and standard apparatus cannot be too strongly stated. It is 
absolutely essential that this work should be done both before and after 
every important engine test. There are not very many indicator springs 
which after considerable use check 
very closely to the scales for which 
they were intended. Errors in calcu¬ 
lations of indicated horsepower are 
due more often to inaccurate springs 
than to any other cause. An engineer 

cannot safely assume that the true 142.-inaccurate diagram due to 

. indicator cock being partly closed. 

scale of the spring in his indicator 

corresponds at all accurately to the number stamped on it. It is not 
unusual to find springs in standard makes of indicators in error as much 
as 4 or 5 per cent. 

Calculations of the indicated horsepower of an engine show usually 
the power developed on one side of the piston, which is commonly stated 
by the formula 



i.hp. 


plan 

3.p00 


(25) 


where p = mean effective pressure on the piston, in pounds per square 
inch. 

I — length of stroke, in feet. 
a = net area of piston, in square inches.^ 
n = number of revolutions per minute. 

Of the terms of this ecjuation only one, the mean effective pressure, 
is obtained from the indicator diagrams. 

If we consider now only one end of the cylinder, the steam does work 
on the piston during a ‘forwardstroke, and, on the other hand, the 
piston does work on the steam on the '‘return’^ stroke. Hence to get 
the mean effective pressure for a stroke, the average pressure during the 
return stroke must be subtracted from the average pressure on the 
forward’’ stroke; and this is obviously the same as the average length 
of all the ordinates intercepted between the upper and lower lines of 
the indicator diagram multiplied by the scale of the spring. 

Usually the mean effective pressure is found by means of planimeters, 
the use of which for this purpose was explained on pages 100 to 115. An 


^ In all piston engines the area of the piston rod must be subtracted from the area 
of the piston on the side where the rod reduces the area effective for the action of the 
steam or other working substance. 
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engineer should, however, know how to calculate the mean effective 
pressure of an indicator diagram with reasonable accuracy without 
the use of such instruments. In such cases the method of ordinates is 
very convenient. With suitable draftsman's triangles^ draw ordinates 
perpendicular to the atmospheric line at both ends of the diagram as 
shown in Fig. 143. Lay off on the edge AB of a piece of smooth flat paper 
a scale of 10 equal divisions so chosen that the total length of the 10 
divisions is a little greater than the length of any of the indicator dia¬ 
grams. This scale should then be placed obliquely across the diagram 

to be measured, so that the 
beginning and end of the scale 
will be located on the ordinates 
at the ends of the diagram. 
Now mark the diagram opposite 
the divisions of the scale with 
fine points, and at the middle 
of each of these divisions draw 
ordinates across the breadth of 
the diagram. The sum of the 
lengths of these ordinates divided 
by 10 gives the value of the 
mean ordinate,^ and this when multiplied by the true scale of tlie spring 
gives the mean effective pressure. Some time can be saved in summing 
the ordinates if they are transferred with dividers one after the other to 
the edge of the strip of paper. The total length laid off divided by 10 
is then the mean ordinate. 

The Engine Constant for Indicated Horsepower. —In the use of 
Eq. (25) (page 151), where 

. , pUm 

- 33,000’ 



Fia. 143.- 


Diagram illustrating method of mean 
ordinates. 


considerable time can usually be saved when calculating engine tests 
if the terms 


la 

33,000' 


(26) 


called the engine constant, which always remains constant for each end 
of the cylinder, are first computed carefully and then used as constants 
throughout the calculations. In other words, the indicated horsepower 
is found for each end of the cylinder by taking the product of the terms. 

Engine constant X p X n. 

^ Triangles to be used for this purpose should be tested for accuracy by setting on 
a straightedge and drawing a vertical line. Then turn over the triangle and observe 
whether the line drawn coincides with the edge of the triangle. 

* Methods of calculating areas of irregular figures are given on p. 99. The area 
divided by the length gives the mean ordinate. 
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Horsepower of Automotive Engines. —The usual method of calculat¬ 
ing the horsepower of automobile and airplane engines using gasoline for 
fuel is by the use of what is generally called the S, A, E. formula (Society 
of Automotive Engineers), although it has never been officially adopted 
by the Society. This formula is intended to determine only approxi¬ 
mately the horsepower of a high-speed gasoline engine. Briefly, 

, bore in inches X bore in inches X number cylinders 

"p--23- 

If D represents the diameter, or bore, of the engine cylinders in inches, 
and N represents the number of cylinders in the engine, this formula is 
stated as follows: 

D-N 

b.hp. = ^ = 0.4DW. 


For instance, ii an automobile has six cylinders and the bore is 4 inches, 
the horsepower is, 

4X4X0 ..o u 

-^ - = 38.4 horsepower. 


This formula gives ratings much too low for modern high-speed auto¬ 
mobile engines but gives with some degree of accuracy the maximum 
horsepower of four-cylinder engines wInch are not intended to run at more 
than about 2,000 revolutions per minute (piston speed 1,000 feet per 
minute and mian effective pressure about 90 pounds per s(iuare inch). 
Modern eight- and twelve-cylinder engines are intended to operate at 
piston speeds at least 50 per cent higher than the foregoing formula was 
intended to cover. 

The Massachusetts Department of Public Works adopted in 1925 a 
different formula for horsepower ratings of automobile engines w’hich is in 
better conformity w ith present automobile performance. In this formula 
the length of the stroke of the engine L in inches is one of the factors. If 
the other abbreviations as in the A. E.’^ formula are used, the Massa¬ 
chusetts formula is 


b.hp. = 


This formula gives the same results as the one known as “S. A. E.” 
when the length of the stroke is 4 inches. 

Indicated Horsepower of Rotary Engines. —Figure 144 shows by a 
simple diagram a typical rotary engine. The steam inlet is at I and 
the exhaust is at E. A sliding blade P, corresponding to a piston, moves 
back and forth through the rotor R, as the latter revolves. In the figure. 
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P is shown at the point of cut-off, the dotted shading indicating the full 
charge of steam. Equation (25) can be written^ 

volume swept through by piston 

A hole should be lapped through the casing near the top for the attach¬ 
ment of an indicator to determine the mean effective pressure p of the 


( cubic inchesX 
-^[2 )_■ 



Fic.. 141.—Diapcram of typical rotary enRino. 


cycle. This hole can also bo used to determine, by filling with water, 
the maximum volume in the cycle (general met hod explained on page 344), 
and these data, with the number of revolutions per minute n serve for 
calculating with considerable accuracy the indicated horsepower. 

The steam consumption per indicated horsepower per hour tor all 
types of such engines, if ^^ell made and when new, is about 100 to 125 



Fig. 145.—Starrett’a differential-speed counter. 


pounds. It is difficult to take up wear in such engines, so that after 
use for a short time much steam leaks through without doing work. 

Speed Counters. —Some kind of mechanical counter is ordinarily used 
for determining the speed of engines and of other machinery with 
revolving shafts. For the usual services in testing, a hand speed counter 

^ In Eq. (25) I is in feet and a in square inches. The volume in cubic inches must 
therefore be divided by 12 to permit substitution in the equation. 
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(Fig. 145) is considered most reliable.^ It is generally applicable, inex¬ 
pensive, and accurate, so that every engineer should have one. 

For slow-speed engines some type of fixed counter (Fig. 146) is fre¬ 
quently provided for attachment to the gage board in the engine room. 
For gas engines operating by a “hit and miss'^ method of governing, 
such fixed integrating counters are used in many places for counting the 


tfti_QTi 



Fi(j. 140.—InteKratiiig ongino counter. 




Fig. 149. —Sleeve and weights 
in centrifugal tachometer. 



number of explosions. Actually the number of times the gas valve opens 
is counted. The greatest trouble with counters of this type is that they 
will sometimes “ stick even at the normal speeds of stationary engines. 

Tachometers, operated centrifugally (Figs. 147, 148, and 149) or by 
the vibrating-reed method (Figs. 150 and 151), are not accurate enough 
for the determination of indicated or brake horsepower. They can be 

^ Starrett’s hand coiinterfs are generally preferred both in America and abroad. 
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used conveniently, however, for observing roughly variations in the 
speed of steam turbines or electric generators when no accurate results 
are to be calculated from the observations. The vibrating-reed type 
operates by being placed on the frame of the machine, and the reed which 
is most nearly in synchronism with the vibration of the machine indi¬ 
cates by its excessive vibration the speed on a calibrated scale. Belted 
tachometers (Fig. 147) because of the added uncertainty regarding this 
slip of the belt are particularly unreliable. 

Electromagnetic tachometers depend for their operation on the inten¬ 
sity of the magnetic drag due to flux generated which is proportional to 
the speed. They are simple in construction but rather delicate for 
commercial service and the temperature correction is usually difficult 
to compensate. 

Fluid tachometers are essentially small centrifugal pumps discharging 
a colored liquid (usually alcohol colored red) into a vertical glass discharge 



Fi(j. 151.—Comniercial form of vi bra ting-rood tachomotor. 


pipe. The blades of the wheel are radial so that the instrument registers 
the same when running in either direction. The greater the speed, the 
higher the liquid will stand in the tube. Since the height to which 
the liquid will be forced in the tube varies approximately as the square 
of the speed of the wheel, the upper part of these tubes has a very much 
more open scale than near the bottom where accurate observations are 
difficult. Speeds less than 300 or 400 revolutions per minute cannot be 
satisfactorily observed with such instruments. 

Combined Revolution Counter and Watch Movement. —The Hosier 
speed indicator shown in Fig. 152 is arranged to indicate the speed of an 
electric motor or the linear speed of a cutting tool. The indicator chiefly 
consists of two units: (1) a fine watch movement and (2) a geared revolu¬ 
tion counter. These units are synchronized and the operation of the units 
is entirely automatic and requires no attention. 

The instrument is to be held in the palm of the hand and the spindle 
is to be brought in contact with the shaft which causes the spindle to 
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revolve freely. The mechanism is set in motion by pressing the large 
button on the top. This automatically gears together the watch move¬ 
ment and the spindle. Both large and small pointers start to revolve 
and continue to do so for 3 seconds. At the end of this period the 
pointers are automatically disengaged and remain set, while the spindle 
continues to revolve. In reading the instrument it will be noted that the 
dial is calibrated with red and black figures. The red figures indicate 



Fw. 152. ('onibined revolution counter and watch. 


the lineal speeds while the black figures indicate the revolutions per 
minute. Several consecutive tests can be made by continuing to press 
the button at the top of the instrument and the average of the readings will 
be the average revolutions per minute, or the lineal speed. In order to 
indicate the lineal speed, a small disk wheel is supplied with the instru¬ 
ment, which will slip on over the spindle. This disk wheel is to be 
brought in contact with the surface of the part to be indicated. This 
instrument as tested by the U. S. Bureau of Standards showed unusual 
accuracy. 



CHAPTER VI 

MEASUREMENT OF POWER—DYNAMOMETERS 


A dynamometer, according to its derivation, is an instrument for 
measuring force or “power/' These are of two kinds: 

1 . Those absorbing the power by friction and dissipating it as heat. 

2. Those transmitting or passing on the power they measure, thus 
wasting only a small part in friction. 

Absorption Dynamometers (Prony Brakes). —Of the class of dyna¬ 
mometers in which the power received is all absorbed in friction, the 
type generally used is called a Prony brake, named for Rev. John Prony, 
who many years ago developed a device of this kind for measuring 
power.' One of the simplest forms is shown in Fig. 153. 

It consists of a lever A, from which a weight w is suspended from 
one end, and a block R, supported on a revolving drum or pulley /), is 
attached to the other end. A strap to which w^ooden cleats are fastened 
is held in place and tightened by the thumb nuts A, N, When the 
friction on the strap and block just balances the weight Wy the lever arm 
A is horizontal and the apparatus is in adjustment. Stops, marked SS, 
are provided so as to limit the movement of the lever arm. 

When the brake is adjusted or “balanced," the work done in a given 
time in producing the friction (the power absorbed) is measured by the 
weight moved multiplied by the distance it would pass through in that 
time if free to move. Then if 

r = length of brake arm, in feet.^ 
n = revolutions of the shaft per minute. 
w = weight on the brake arm, in pounds. 


b.hp. 


2'Krriw 

33,00b’ 


(27) 


2Trr 


In Eq. (27) the fraction 3 .^ is a constant quantity for a given 
brake and is called the brake constant. When a brake like the one in 


^ Strictly speaking, a brake of this kind does not provide means for directly measur¬ 
ing power, as, for example, horsepower, because the element of time is not indicated. 
In other words, it measures the tangential force, of which a couple (torque) in linear- 
weight units, such as foot-pounds, can be computed. 

2 The length of the brake arm is measured by the perpendicular distance from the 
line of action of the weight w to the center of the wheel. When the arm A is horizontal, 
as in Fig. 153, the length of the brake arm is usually measured by the horizontal dis¬ 
tance from P to a line passing through the center of rotation perpendicular to the arm. 
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Fig. 153 is used, the effective weight of the brake itself as weighed at the 
point P must be added to the weight w. 

According to Bach, suitable dimensions for a brake of this type are 

given by hd = ■ where d is the diameter of the brake pulley in 

inches, b is the breadth of the brake blocks in inches (usually about 1.5 



Fig. 158.—Simple Prony brake. 


times the diameter of the shaft), h.hp. is the brake horsepower to be 
absorbed, k is 0.5 for air cooling and varies from 2.5 to 5 for water cool¬ 
ing as the speed increases.’ 

A very common variation of the Prony brake is illustrated in Fig. 154. 
The block B in the preceding figure is replaced by a series of narrow 
cleats of maple or oak. 



Fig. 154.—Prony brake with platform scales. 


Rotation being in the opposite direction from that in Fig. 153, the 
knife edge at E on the arm A will now press on the pedestal T, and the 
weight w can be determined by weighing the pressure on a platform 
scales S. Since the scales receive not only the pressure due to the force 
producing friction but also that due to the weights of the brake and of 
the pedestal, these weights must be determined and are to be subtracted 

' For information regarding the designing of Prony brakes for absorbing large 
powers, the reader is referred to ** Engine and Boiler Trials, by R. H. Thurston, pp. 
260-279. 
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from all of the readings of the scales to obtain the net weight w for sub¬ 
stitution in Eq. (27). Weight of the brake and the pedestal, called the 
zero reading, must be obtained with the brake strap slack, so that the 
block B will rest as lightly as possible on the pulley. With small engines 
this zero reading is obtained most accurately by observing the weights 
on the scales when the brake pulley is turned around by hand first in 
one direction and then in the other. In this way we obtain for both 
the brake and pedestal, with rotation in one direction, the weight plus 
the friction due to their own weight and, with rotation in the other direc¬ 
tion, the same weight minus the same friction. Half the sum of the 
two readings is, therefore, the weight corresponding to the pressure 
on the scales due to gravity alone. With large engines it is sometimes 
dilBficult to turn them uniformly by hand, so that the zero reading must 
be obtained by some other method. In practice this is done usually 



Fig. 155.— “Rough and ready” Prony brake. 


by placing a very small rod at the top of the drum or pulley D (Figs. 153 
and 154), vertically over the center of the shaft. Then if the strap is 
loose and due care is observed, the pressure on the scales can be obtained 
with sufficient accuracy without rotation. The cleats are attached to 
the bands by wood screws inserted from the outside and countersunk 
into the bands. Screws used for attaching the cleats to the upper block 
are inserted through the cleats and countersunk into the wood. At 
least J-inch spaces should be left between the cleats to permit air circula¬ 
tion. In all such constructions for dynamometers, screws and nails 
should not touch the rubbing surface, as they are likely to cause the fric¬ 
tion to be variable and the sound produced is objectionable. Many 
designers cut grooves into the inside surface of a few of the cleats. These 
grooves are to be filled with thick grease for lubrication. 

A similar arrangement to Fig. 154^ is shown in Fig. 155, showing maple 
cleats screwed to a leather belt. A piece of old belting is ordinarily used 
for this purpose so that by this method a very inexpensive Prony brake 

^ Although the type of Prony brake shown in Fig. 154 is very commonly used, the 
one shown in Fig. 155 is a better device as it has the point E on a. level with the center 
of rotation of the shaft. As shown in Fig. 154, the tangential force at E has a com¬ 
ponent at right angles to the line of the standard T. 
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can be made quickly in any power plant. It has also the important 
advantage over the two preceding types that it is readily adjustable 
to different sizes of pulleys. Washers should be provided for the heads of 
the screws used to attach the cleats to the belt. If the inside surface of 
the pulley can be satisfactorily cooled by water, the rubbing surface 
of the cleats need be not more than 5 square inches per brake horsepower. 

Another form of Prony brake is illustrated in Fig. 156, called a strap 
brake. 




Fig. 157.—Pulley for Prony brake. 


It is made up merely of a band of steel or leather or of strands of 
rope placed over or wrapped around a suitable pulley.^ In this case 
Aveights must be suspended from both sides of the brake wheel or pulley. 

In the case of the strap brake (Fig. 156) the net pull, corresponding to 
the weight w, in Eq. (27) (page 158), is wi — W 2 - Now the same relation 
would hold if, as is often done, a spring balance is fastened to the floor 
on, say, the left-hand side; the pull registered by the spring balance 

^ It is desirable to use for Prony brakes pulleys of whi(?h the section of the face is a 
double like Fig. 157. The; outside rims are for keeping the brake in position on 
the pulley and those on the inside for receiving a small stream of water played upon 
the inside of the pulley. This stream of water by its evaporation will assist materially 
to dissipate the heat generated. Siu^h brakes are often operated with pipes arranged 
to discharge water into the pulley and another pipe to carry it away. This is an excel¬ 
lent system, provided the latter pipe is used only to carry away a little overflow; but 
if so much water is used that there is practically no “steaming,” the inside rim of the 
pulley will fill up with water to be spattered around in every direction as well as over 
the face of the pulley, where it is particularly objectionable, as it produces variable 
friction. 

The cooling water should be admitted at the bottom of the wheel in the direction 
of rotation. The method is illustrated in Fig. 158 and shows the water-inlet pipe and 
also a flat-ended pipe, pointing in the direction opposite to the direction of flow of the 
water, for carrying away some of the water after it has traveled around the wheel. 
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would then be Wi,^ and the net pull is, as before, Wi — w^. Brake horse¬ 
power is calculated then by Eq. (27), substituting for w the net pull 

Wi — W 2 f so that 

2Trrn{wi - W2) 

= 33,000-’ ( 28 ) 

w^here r is the radius of the pulley 
plus half the thickness of the strap 
in feet, and n is the number of 
revolutions per minute. This type 
of strap brake is very accurate and 
sensitive but is suitable only for low 
powers. About the same friction surface must be allowed as for wooden 
blocks in Baches formula. 

Rope brakes, like the one shown in Fig. 159, are much used for ''com¬ 
mercial testing'' of engines, as they are easily portable or can be made 




quickly at a small expense from materials always at hand. Moreover, 
they are self-adjusting, so that accurate fitting is not required. One of 
this type consists of a rope doubled around a pulley or flywheel on the 
shaft transmitting the power to be measured. 

* To the pull w\ must be added, however, the weight of any hooks placed between 
the end of tlie strap or rope and the spring balance; and if the balance is for any 
reason suspended in the inverted position, the weight of the balance itself must also 
be added. 
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As the friction at the rim of the pulley increases, the tendency will be 
to lift up the w^eight wi. The effect will be to reduce the tension in the 
end of the rope overhead connected to the spring balance and thus 
prevent a tendency to further increase the friction. Several U-shaped 
distance pieces of wood, preferably maple, are provided to prevent the 
rope from slipping off the pulley and to keep the parts of the rope sepa¬ 
rated. These distance pieces should be attached to the rope by soft 
iron or copper belt lacing, drawn in from the outside of the wooden pieces 
through the center of the rope, instead of being fastened with screws or 
nails on the inside, which will heat to a high temperature and then char 
the rope. Sometimes such fastenings when of hard metal will cut 



grooves into the surface of tlie pulley. In this arrangement the spring 
balance must be supported from some point overhead. 

An anchoring rope c or safety stop securely attached to the weight W\ 
should be provided to prevent the weights going over the wrong way 
when starting or stopping an engine, in case the valve is not very well 
set. Its w^eight or the weight of that part suspended from the weights 
must be included in Wi, Similarly, the weight of the rope between the 
spring balance and the point where it touches the pulley should be 
deducted from the readings of the spring balance in accurate w^ork 
Spring balances require frequent and very careful calibrations. A 
modification of practically the same rope brake is shown in Fig. 160, 
where the rope is fastened at the top and bottom to a frame resting on a 
platform scales. This type of rope brake is not recommended where 
the pull on the tight side of the rope is more than 300 pounds. 
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Loose 

Pulley 


Fast 

Pulley 


Equation (28) is used also for calculating the brake horsepower 
for a rope brake, except that r becomes the radius of the pulley or brake 
wheel plus half the diameter of the rope, all in feet. 

Rope brakes are best arranged with the rope placed on the pulley 
double as in the figures, so as to form a loop for supporting the weights. 
A brake made in this way of double f-inch rope and provided with six 
cleats will absorb 50 horsepower if the pulley carrying the brake is about 4 
feet in diameter, and the speed is about 300 revolutions per minute. For 
absorbing smaller powers half-inch rope with four cleats and a smaller 
brake pulley may be used. Manila or cotton rope is generally preferred. 
By steeping the rope in a mixture of deflocculated graphite and melted 

tallow its frictional properties are improved. 

The brake shown in Fig. 161 consists of 
fast and loose pulleys mounted side by side on 
the driving shaft. It is arranged that a rope 
clipped to the loose pulley hangs down over 
the fast pulley on one side and over the pulley 
to which it is fixed on the other. This is 
clearly shown in the figure. The frictional 
resistance between the fast pulley and the 
rope, when the pulley is revob ing, causes the 
loose pulley to rotate through a small angle in 
the direction of rotation and in doing so it 
lifts a weight which is suspended by the rope 
Fig. 161.—Prony brake of fast hanging over it. At the Same time, the rope 

and loose pulleys. iU r x i,* i i 

over the fast pulley, which also supports a 
weight, is by rotation of the loose pulley slightly unwound from the 
running pulley, thus reducing its arc of contact and, therefore, its braking 
effect. The resistance is thus automatically adjusted. The torque is, 
as in other cases, r{W — w). 

Water-jacketed Band Brake.—A unique band brake has been designed 
at the Pennsylvania State College, consisting of a fiat strap with both 
sides made of copper. It is applied to a large flywheel of an engine, in 
the same manner as a rope brake. The ends are coupled together by an 
adjustable screw. The pressure of the brake strap on the wheel is pro¬ 
duced and regulated by water flowing through the tube, much in the same 
way as in the Alden dynamometer (page 166). If the wheel surface is 
maintained in a well-lubricated condition, the wear of the copper tube is 
inappreciable. In a modified form of this brake a thin metallic band 
is interposed between the copper tube and the wheel, and consequently 
no wear of the tube takes place. 

Fan Brakes or Dynamometers.—For determining the power of high¬ 
speed engines a dynamometer consisting of two flat fan blades arranged 
to be attached to the engine shaft is very convenient. Power is absorbed 
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by the ^‘fan action of the plates on the surrounding air. The amount of 
power absorbed by fan blades depends: (1) on the size^of the blades, 
(2) on their distance from the center of rotation, and (3) on approximately 
the cube of the number of revolutions per minute. Figure 162 shows a 
somewhat elaborate testing base for automobile and marine engines. 
The engine is connected by means of a universal coupling C to the shaft 



S to which the fan blades E are attached. The frame Q is for supporting 
the engine. A tachometer J is used to indicate the approximate speed. 
The fan is shown enclosed in a glass framework M to prevent the air cur¬ 
rents from other engines, etc., from interference with the discharge of air 
from the fan blades. Figure 163 shows typical calibration curves for 
the fan in Fig, 162. Fans for this 
purpose are usually calibrated by 
attaching them to a variable-speed 
electric motor the efficiency curve of 
which is known. For appropriate 
work a fan built as shown in the 
figure can be used for testing and 
even without the casing M the curves 
will show satisfactory values of power 
with a probable error of less than 3 
per cent. The blades are steel plates 
which are 10 inches wide in the 
radial direction, 14 inches wide in the axial direction, and i inch thick. 
Numbers on the curves indicate inches from the center of one plate to 
the center of the other. This distance can be varied by shifting the 
bolts. The speed to be used in accurate calculations should be taken on 
a high-speed engine with a good hand counter. Unusual weather changes 
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may affect the power absorbed by a fan dynamometer as much as 20 
per cent, that is, 10 per cent each way from normal.^ 

Alden Brake'.—An entirely different type of absorption dynamometer 
is the Alden brake, illustrated in Fig. 164. 

In this apparatus the rubbing surfaces producing the friction neces¬ 
sary for absorbing the power are separated by a film of oil, and the 
heat generated is carried off by a stream of water circulating as indicated 
by arrows. It consists of a disk of cast iron A, which is connected 
to the shaft transmitting the power. This disk revolves between 



two thin copper plates, fastened together at their outer edges to form 
a shallow cylinder which is filled with a bath of heavy (cylinder) oil. 
Water under pressure is discharged into the chamber adjoining the 
copper plates and any increase in pressure causes the copper plates to 
press toward the cast-iron plate A with more force. The friction of the 
thin film of oil between these copper and iron plates tends to turn those 
of copper, but, as they are rigidly connected to the outside casing C 
carrying the brake arm P, the tendency to turn can be determined by 
weighing as with a Prony brake. To maintain the moment of resistance 
constant under all circumstances, the pressure and consequently the flow 
of water into the casing is automatically regulated by a cylindrical valve 


' See Technical Notes, National Advisory Committee for Aeronautics, No. 26. 
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V, which becomes partially closed if the brake arm moves above a certain 
horizontal position. This valve is shown in section in Fig. 165. The 
end at W is connected to the water main and the other end Y to the brake 
casing by means of a right-angled bend R (Fig. 164). Water enter¬ 
ing by the pipe W passes through the ports N and then through the ports 
H into the pipe F. Now a small angular movement of the pipe W, 
relative to the pipe F, will open or close the ports H and thus regulate 
the supply of water. These ports are very narrow, so that a very small 
angular motion is sufficient to close them. By making the outer casing 
of the valve of rubber, it is found to be sufficiently flexible to permit 



Fio. 165.—Regulating valve in Alden brake. 


moving the valves and at the same time it offers very little resistance to 
the movement of the casing. 

Reynolds-Froude Dynamometer.—Professor Osborne Reynolds has 
designed a modification of the Froude brake which is shown in section 
in Figs. 166 and 167. This device has a very large capacity for absorb¬ 
ing power. One of these brakes with a single rotor only 30 inches in 
diameter will absorb 700 horsepower at 200 revolutions per minute. 

Water is supplied to the apparatus through the flexible pipe marked 
E (a rubber hose is very satisfactory), from which it passes in the direction 
of the arrows into the space H (Fig. 167), then into the centers of the 
vortices through the holes J (shown dotted) which are drilled through 
the walls of the pockets. From these pockets the water passes between 
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the rotor and the casing into the space M, from which it discharges 
through the discharge outlet D into the drain. 

If any air collects in the center of the vortices, it can escape through 
the holes I in the pocket walls in the casing into the cored channel L 



Fio. lOG.—Ileynolds-Froudc dynamometer Fig. IGT.— Rcynolda- 

Fro 11 (1 o (lynaniomoter 
bhowri diagrammatieally. 


and the air outlet pipe 0. If any water comes through these passages 
^^ith the air, it is carried off through a funnel and pipe emptying into the 
main discharge pipe D. The brake horsepower (b.hp.) for this dyna- 
g p m mometer is expressed on a 

^very conservative rating by 
I i 't't n (r (L equation 


T> D 

Fig. 108.—Simple water brake. 


b.hp. = 

r il where n is the number of 

nri I “r i ' fl revolutions per minute and d 

is the diameter of the rotor 
j I in inches. 

^ D Water Brakes.—Another 

Fia. 108.-.S.m,.le ,vater brake. 

168 and 169 is also used for testing engines and turbines. The revolving 
paddle wheel or runner^' R is designed to run in very close clearance 
with the serrated rim piece P, The outer casing is rigidly attached to the 
lever arm A made of such a length as to facilitate rapid calculation. A 
little roller or wheel W on the end of this arm rests upon the platform 
scales used to weigh the load. 

Water is admitted through a flexible hose connection at the opening / 
and from there enters the interior of the wheel. When the wheel is 
revolving, this water is thrown out by centrifugal force through small 
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holes drilled in the rim, entering into the outer tooth spaces. In this pas¬ 
sage of the water a considerable fluid resistance is produced. The water 
finally escapes after passing 
through this tortuous passage 
through the close clearance 
around the outside of the 
wheel and discharges through ^ 
the pipes connected at D. 

Webb’s “viscous” dyna- ^ 
mometer^ (Fig. 170) consists 
of a number of flat steel plates 
Pi (circular saw blanks are 
excellent) fastened to a hub H 
which is keyed to the driving 

shaft S. Between these „ . , . . , . « 

Fig. ICO.—Section of brake shown in Iig. 108. 

plates on the shaft are other 

plates P 2 rigidly attached to the casing C. When a liquid is put into 
the casing, the rotating plates Pi tend to carry it around with them 
by the action of viscosity, and the turning moment of the shaft S is 
communicated to the fixed plates P 2 and to the casing. The casing is 
supported on pedestals E provided with ball bearings. The turning 

moment on the casing is balanced by 
weights placed on a horizontal arm as 
R arranged for the Alden dynamometer 
(Fig. 164) or may be set up so as to 
press on a platform scale as in Fig. 
155. The latter method is probably 
the better. Water is most commonly 
used as the lic^uid. It enters through 
the funnel F near the center of the 
casing and leaves at the discharge pipe 
D. A flow of liquid is maintained 
which carries away the heat generated. 
The power absorbed varies as the 
cube of the speed and the fifth power 
of the diameter. The frictional or 
‘‘viscous” resistance can therefore be 
varied by adjusting the depth of the 
.. water in the casing. Usually a 

Fia. 170.—Webb’s “viscous” dyna- number of holes are made in both sets 
mometer. plates through which water can 

pass to the discharge connection without having the casing filled to the 
tips of the fixed disks before overflowing to the next compartment. The 
quantity of water in the casing can be regulated by both the inlet and 
1 Trans, A.S.M.E., Vol. 24, p. 740. 




Fia. 170.—Webb’s “viscous’ 
mometer. 
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discharge valves. It is generally best to adjust both valves at the same 
time for large variations in load. Viscosity of the water decreases some¬ 
what with rise of temperature of the water. 

Professor Webb has also arranged in some of his designs to supply 
the water through a hollow shaft and to regulate the supply by a piston 
valve to be adjusted axially to supply a varying number of compartments. 

Regulation is accomplished not only by varying the radial depth of 
the water but also by changing the number of compartments containing 
water. In this latter arrangement no holes are required in the fixed or 
stationary plates to permit draining. Discharge connections are pro¬ 
vided for each compartment so that there are as many drain pipes as 
compartments. 

The dynamometer starts easily and without load so that it is better 
suited for use on steam turbines than those of the Alden and Froude 
types. The steel plates are the only parts subjected to high centrifugal 
stress and they are strong enough for all practicable speeds. 

This apparatus is not large for the power absorbed. One of these 
dynamometers, provided with two disks, each 2 feet in diameter, absorbed 
180 brake horsepower when running at 2,t500 revolutions per minute with 

a radial depth of 3 inches of water, 
and with 1 inch of rp/iial depth of 
water 60 horsepower can be 
absorbed. Brake horsepow er (b.hp.) 
absorbed by each rotating plate is 
approximately 

u u __ — ^1^). 

P* 130,000,000' 

where n is the revolutions per 
used as minute, r 2 is the radius of the moving 
plate in feet, and ri is the inner 



Fig. 171.—Electric generator 
power dynamometer. 


radius of the annular ring of water in the casing. 

D 3 rnamos (Electric Generators and Motors) as Power Dynamom¬ 
eters.—One of the most convenient means for measuring the power 
of high-speed engines and turbines is to connect an electric generator to 
the main shaft as in Fig. 171. Then if the efficiency of the generator is 
known at the particular speed and output at which it is to be operated, 
a very accurate method of measuring the power of the engine or of any 
other type of motor becomes readily available. The output of the 
generator should be determined by observations of the volts and amperes 
with carefully calibrated 'portable instruments. Remembering that for 
direct-current generators volts times amperes gives watts and that 746 
watts are equivalent to 1 horsepower, then if e.hp. is the horsepow^er 
output of the generator we have 
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, volts X amperes 

-746- 

y 

It is not unusual to hear this result called the electrical horsepower 
of the engine or turbine.^ 

The actual horsepower delivered to the generator is, of course, the 
brake horsepower, and into this result the efficiency of the generator 
enters. Thus, for direct- (or continuous-) current generators 


b.hp. 


volts X amperes 
746 X efficiency of generator 


The load on the generator should be maintained uniform by absorb¬ 
ing the electrical output in lamp or wire resistances for small powers, 
but for larger powers a water resistance or rheostat is generally used. 
The electrodes of a water rheostat are generally made of J- to |-inch iron 
or steel plates, allowing about 1 square inch per ampere. 

As a rule, electric motors are very serviceable in mechanical engineer¬ 
ing laboratories as power dynamometers. The efficiency is easily 
obtained, the usual method being to determine an efficiency curve for 
varying power inputs by a Prony brake test. This efficiency is 

Efficiency of motor = ^ j^p ^ 


where e.hp. is the electricar^-horscpower input, as measured with 
voltmeters and ammeters. 

If then a pump, air compressor, ventilating fan, or a similar machine 
is to be tested by the electrical method, it should be direct-connected 
to the shaft of the motor, and its efficiency E will be 

E = _HJIP:_> 

e.hp. X efficiency of motor 


where u.hp. is the useful work done by the machine, in horsepower. 

This last method serves also as a con^^enient method of obtaining 
the efficiency of generators, since by connecting a generator directly to 
the shaft of a motor previously ‘^calibrated” (for efficiency) the elec¬ 
trical output of the generator and the input to the motor are readily 
determined. 

When a so-called variable-speed motor is used as a dynamometer, its 
efficiency must be determined at the particular speed and power at which 
it will operate when driving the machine to be tested. 

Eddy-current brakes^ are built with a number of electromagnets and 
one or more copper disks. Either the coils or the copper disks may be 

* When an alternating-current generator is used, the power factor must also be 
measured with a suitable instrument. In this case, the actual (dectrical horsepower is 
(volts X amperes X power factor) 746. 

2 For more information regarding the design of this type see Eddy-current 
Brakes” in Jour. Tnst. Elec. Eng. {London)^ Vol. 35, 1904-1905. 



172 


POWER PLANT TESTING 


rotated with the shaft while the other is held stationary. Eddy cur¬ 
rents generated by rotation with the electromagnets excited produce a 
resistance of which the moment is measured by a lever arm and scales 
as with similar forms of dynamometers. 

Transmission Dynamometers.—Instruments of this type are used to 
measure the amount of power transmitted without absorbing any more 
power than is absolutely needed to move the dynamometer. 

Goss Belt Dynamometer.—One of the simplest forms of transmission 
dynamometers, designed by Prof. W. F. M. Goss, is illustrated in Fig. 

172 by a line drawing. Being so 
simple in construction, it can readily 
be made in any factory or workshop 
with the materials available. It is 
essentially a differential lever measur¬ 
ing the difference in tension between 
the two sides of a belt. This lever is 
pivoted at the point D and to it are 
attached the shafts carrying the pulleys 
A and B. Weight hangers are attached 
to the ends of the beam. The beam 
and the hangers must be balanced to be 
in the horizontal position, that is, in the 
position of equilibrium when the belt is 
not moving. Power transmitted is 
measured by the product of the speed 
of the belt and the difference in belt 
tension between the two sides of the 
dynamometer. 

The force tending to raise the left- 
hand end of the lever is twice the tension h of the tight side of the belt, 
while that raising the right-hand side is twice the tension U of the slack 
side of the belt. These tensions on the two sides of the lever can be 
measured by weights Wi and suspended from the hangers. The force 
tending to rotate the lever is therefore twice the difference in tension on 
the two sides of the belt 2{ti — and this force acts with a leverage 
= DB = r, when these two arms are made equal. If now the dis¬ 
tance from the pivot D to the point of support of the weight Wi is made 
twice AD = 2r, and if the weight Wi is made equal to the difference in 
the tensions, it will balance the lever. For these conditions, taking 
moments about D, 

X 2r — 2tir + 2Ur = 0, 

2w^ = 2{ti — < 2 ), 

Wi = h — t2. 
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Now in any transmission system the difference in the tension of a belt or 
a rope on the two sides of a driven pulley multiplied by its speed is a 
measure of its power. If, then, d is the diameter of the driven pulley C, 
plus the thickness of the belt or rope in feet, n is the number of revolutions 
per minute of this pulley, and Wi is the weight in pounds on the left-hand 
side required to balance the lever; when power is transmitted, then, 

hp. transmitted = (29) 

To reduce the vibrations of the apparatus, a dashpot is connected to 
the right-hand side. To prevent excessive movement of the lever when 
unbalanced, stops are placed above and below the lever on the left- 
hand side. 

Another form much used for mill purposes and fan testing is the belt 
dynamometer, shown in Fig. 173. The driving pulley is A and the driven 



pulley is B. The connecting belt passes over the pulleys C and D, 
These two pulleys are mounted on the frame of the dynamometer carry¬ 
ing a scale beam A , all of which turn on the center of support. The dif¬ 
ference in the total stress on the two sides of the belt is computed by 
multiplying the net weight on the beam by the equivalent leverage, the 
latter being found by dividing the length of the beam by the distance 
from the center of support to the center of pulley C or D, 

Differential Dynamometers.—The apparatus illustrated in Fig. 174 
is typical of a number of dynamometers indicating by means of a differ¬ 
ential lever operated by gearing the amount of power transmitted.^ 
This is a very common form of transmission dynamometer. Power is 
received from the motor (or engine) by the shaft A, which is connected 
only indirectly by means of gears to the shaft A' opposite, which trans¬ 
mits the power to the work. To the adjoining ends of these shafts bevel 
wheels B and D are attached. The lever L turns on an axis concentric 
with the shafts A and A', in a plane perpendicular to them. It carries 
bevel wheels C and Ci, gearing with B and D, through which the power 
is transmitted. There is a tendency then for the left-hand end of L to 

^ Similar forms of differential dynamometers are known as White’s, King’s, and 
Bachelder’s. The first instrument of this kind, it is stated, was invented by Samuel 
White in 1780. These dynamometers are sometimes called epicyclic, signifying 
‘Vheels traveling around a circle or around another wheel.” 
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go downward and for the right-hand end to rise. If, furthermore, the 
lever L were permitted to revolve, no work would be transmitted from 
B to Z), and therefore D would remain stationary. As these gears are 
usually proportioned so that B revolves with half as many revolutions 
in a given time as L, a force applied at B at a given radius from the center 
will balance a weight twice as large at the same radius on the lever L, 
Then the moment of the force applied to the lever L to balance it must 
be twice as great as the moment of the force transmitted from either C 
or Cl to D. That is, the sum of the moments applied to C and Ci must 



Fig. 174.- -Typi<?al differential-lever dynamometer. 


equal the moment applied to B, If, therefore, I is the length, in feet, of 
the arm at which the weight le, in pounds, is applied, and n is the number 
of revolutions per minute of the shaft A, then the power transmitted 
per minute = 

2t171W r X j 

— 2 — foot-pounds, (30) 


and 


hp. - 


irlnw 

33 ^* 


(31) 


Now if the lever L is to be prevented from turning about its axis, a 
couple will be required which is twice the driving couple being trans- 
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xnitted. If, then a weight of w pounds sliding on L as shown in the 
figure is placed at a distance I feet from the axis, so that the lever remains 
horizontal, the driving couple can be determined; and when the revolu¬ 
tions of the shaft A are known, the power can be found. A dashpot D 
is usually attached to the differential lever L to reduce vibrations. This 
dashpot should always be kept filled with glycerine or good clean oil. 
If the dashpot is sticky, consistent results cannot be expected. 

A Webber differential-transmission dynamometer as made commer¬ 
cially is illustrated in Fig. 175. The scale on the lever arm of this instru- 



Fi(j. 175.—Webber differential-transmission dynamometer. 


ment is graduated into 100 divisions and a bell is provided which rings 
at every 100 revolutions. Since the horsepower transmitted at a speed 

of 1 revolution per minute is (31)], then the horsepower 

corresponding to one division on the scale per 100 revolutions per min¬ 
ute is also for ^ perfect calibration. 

Let V = the vertical force acting at C and Ci (Fig. 174). 

p = the vertical pressure between the teeth at each point of 
contact. 


d = distance from the center of the rotation to C and Ci. 
I = the distance from the same center to the weight w. 
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Then from the foregoing discussion it should be clear that 2v = 4p 
and wl = 2vd = 4pd. If r is the effective pitch radius of the driving 
gear wheel ri is the radius of the small bevel wheels, and the force pro¬ 
ducing the turning movement in the shaft A is represented by /, we have 


and 


/r = 2pri, 

/ — 

r 2dr 


(32) 


If we know the number of revolutions, then the space passed through 
by the force/can be calculated, and the work in foot-pounds is the prod¬ 
uct of the force times the distance passed through. The units given 
above are, of course, respectively, in feet and pounds. 

About 10 horsepower can be transmitted and measured by one of 
these instruments having wheels B and D about 10 inches in diameter, 
when operating at 800 revolutions per minute.^ Wear on the gears and 
noise become excessive at higher power and speed. 

Calibration of a Differential Dynamometer.—1. Examine the dashpot 
and observe whether the piston moves freely in t he cylinder, particularly 
without “sticking.’’ After the apparatus has been well oiled, the position 
of the poise to make the lever arm horizontal should be observed for “no 
load.” If this is not at zero, then all the readings on the scale must be 
corrected by the amount of this zero reading. 

2. At each of the speeds required make a preliminary run without 
load and observe the reading of the poise w hen the lever is balanced. 

3. Attach a Prony brake to the shaft from which the power is to be 
transmitted and observe for a series of loads and speeds the readings of 
the poise on the dynamometer lever. 

4. For each speed plot a curve with theoretical foot-pounds per 
minute by Eq. (30) as abscissas and actual foot-pounds per minute as 
determined by the Prony brake as ordinates. 

Torsion or Shaft Dynamometers.—When a shaft is subjected to a 
twisting moment, an angular twist is produced which is proportional 
to that moment. Thus if 0 is the angle of twist produced by a twisting 
moment T in inch-pounds and if ri is revolutions per minute, then 


b.hp. = 


12 X 33,000 


= end 


where c is a constant determined by calibration with an absorption 
dynamometer. 

Torsion meters, shown in Figs. 176, 177, 178, and 179, although 
applicable to large as well as small powers, have their most important 

1 Webber, S. S., and W. O. Webber, Trans. A.S.M.E., Vol. 4, p. 277. 
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Fig. 176.— Spring-tyi)e shaft dynamometer. 




Fig. 178.—Ele(^trically operated shaft dynamometer. 



Fig. 179.—Shaft dynamometer with optical moans of observation. 
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applications for measuring shaft horsepower of marine turbines and 
engines. 

A shaft dynamometer consists essentially of a long metal tube encir¬ 
cling the shaft and fastened to it at one end, but free at the other, and is 
maintained in alignment by adjustable rollers; two radial arms, one 
attached to the shaft and the other to the free end of the tube, which 
rotate a slight amount with reference to each other, according to the 
twist of the enclosed length of shaft, and a set of levers which multiply 
this rotative movement and at the same time convert it into linear 
motion, which is transmitted to a sleeve and collar mounted upon the 
shaft and sliding thereon. These parts all revolve with the shaft. An 
independent indicating apparatxis is provided, which is mounted on 
a stationary frame, and the sliding movements of the rotating collar 
are transmitted through it to an index hand. The torsional strain 
is determined from the reading of the accompanying scale, which is 
usually graduated in millimeters. 

The zero reading is found by disconnecting the propeller and turning 
the shaft at a slow speed, first in one direction and then in the other, 
observing the indication in both cases, and fixing the point of zero strain 
at the mean of the two. When it is impracticable to disconnect the 
propeller, the readings may be taken when the vessel is drifting under 
her own headway after shutting off steam. The calibration of the instru¬ 
ment, which can best be done when the shaft is in the shop before installa¬ 
tion, is carried on by securing the shaft in a fixed position and applying a 
torsional strain by moans of weights at the end of a lever attached beyond 
the dynamometer, taking readings with a number of different weights. 

The horsepower shown by the dynamometer is determined by multi¬ 
plying the reading of the instrument expressed in millimeters by the 
number of revolutions of the shaft per minute and by a rondnnl determined 
from the calibration. The constant is an expression for the horsepower 
corresponding to a speed of 1 revolution per minute and a reading of 1 
millimeter. 

A shaft dynamometer requires very delicate adjustment, as such 
instruments used on large steam turbines and engines requiring a shaft 
of comparatively large size have a movement at the end of the two arms 
of only 0.01 inch to produce a change of 500 horsepower in the load being 
transmitted. 

The Kenerson torsion dynamometer^ (Figs. 180 and 181) consists 
essentially of a divided shaft with a flanged coupling rigidly fastened to 
each of the adjoining ends. These flanges are only loosely connected 
by stud bolts and ‘Tatches.’^ The latter are twisted by the power 
impressed so that their ends are forced against a pressure plate. The 
pressure against this plate is a measure of the power transmitted. Ball- 

1 Trans. A.S.M.E., Vol. 31, pp. 171-179, 1909. 
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bearing races attached to a diaphragm covering an oil chamber com¬ 
municate this pressure or thrust to a chamber in which the pressure is 
indicated by a Bourdon gage. Readings must be corrected for static 
head if the gage is placed above 
or below the couplings. 

The accelerometer shown in 
Fig. 182 is used a great deal in 
automobile testing. From the 
indications of this instrument in 
terms of acceleration the power 
developed can be computed.^ 

This instrument is designed on 
the principle that a pendulum 
hung on a moving body will be in 
a vertical position when at rest 
and moving miiformly. In the 
figure D is a copper disk pivoted 
on a rotating vertical axis, il/ is a magnet for damping the move¬ 
ment of this disk, and G shows two gear wheels of equal diameter, 




Fig. 180.—Kenorson dynamometer. 


one fastened to the axis supporting the disk and the other on a separate 
axis carrying the needle N, A coil spring brings the needle back to zero. 

One side of the disk D is heavier than the other, so 
that when the acceleration takes place in the direc¬ 
tion of the arrow the heavier side tends to lag 
behind, causing a movement of the gears and the 
needle. 

If F is the total resistance in pounds per ton at N 
miles per hour and W is the weight of the vehicle 
in tons, then brake horsepower equals F X IF X iV 
divided by a constant. 

Power Limits and Accuracy of Dynamometers.—The limits of speed 
and horsepower given in Table XIIIA refer to the sizes made commer- 



Fl G 


Dlrtottoa of Motion 

. 182.—Acceler¬ 
ometer. 


^ Internal Combustion Engineering (London), Oct. 2, 1912, and Engineering^ Sept. 
16, 1910. 
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dally. Any of these types (with the exception of the Westinghouse tur¬ 
bine type) are made in sizes to absorb from 1 horsepower up. The 
probable error stated is approximate and refers to the apparatus in fair 
adjustment. 


Table XIIIA.— Power Limits and Accuracy of Dynamometers 


Type 

Approxi¬ 
mate limit 
of speed, 
revolutions 
per minute 

Usual power 
limit, horse¬ 
power 

Probable 
error, per 

cent 

Prony brakes: 




Block. 

1,000 

10 

1 

Band. 

1,000 

5 

1 

Wooden cleats on bands. 

1.000 

100 

1 

Rope ( J-inch) with wooden cleats. 

1,000 

60 

1 

Fluid friction dynamometers: 




Froude (ordinary ^vater” brake). 

2,500 

500 

1 

Westinghouse (turbine tvpe). 

4,000 

5,000 

0.2 

Alden. 

300 

3,000 

1 

Webb. 

3,000 

200 

1 

Fan brake. 

2,000 

200 

1-5 

Electric eddy-current brake. 

2,000 

100 

1 

Electric generator. 

750-4,000 

30,000 

0.2 

Transmission dynaniomeiers: 




Webber. 

1,000 

25 

2 

Torsion. 

1,000-3,000 

50,000 

2-5 

Kenerson. 

1,500 

100 

2 


Calibration of Platform 



Fig. 183.—Diagram of platform 
scales. 


Scales.—In Fig. 183 is shown the arningement 
of the levers of a platform scales. A large 
weight W is placed on the platform to 
be balanced by a small weight on the beam 
B and the poise R. If the weight P alone 
(with the poise R at zero) balances the 
weight Wy then it follows, according to the 
law of moments, for the symbols given for 
dimensions in the figure, that 


= F = f xf + f X^X|. (33) 


If the scales are constructed so that - X t 

c n 


d 

h 


then 


PXj = WX^y 

and the leverage ratio = F = 


W kh 
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In order to obtain the leverage ratio by direct measurement, the 
platform must be removed. Then measure carefully the distances 
between the knife edges of the various levers and also the length occupied 
by the 50 or 100 divisions on the graduated beam. One will save con¬ 
siderable time if these measurements are made with a decimal scale. 
From these data and Eq. (33), the leverage ratio can be obtained. 

A better method of obtaining the leverage ratio consists of balancing 
a standard weight on the poise with a standard weight on the platform. 
Then from these data calculate the leverage ratio. An examination of 
the weights placed on the poise will show that these weights are marked 
with their actual weight and the weight they are supposed to balance 
on the platform. In case the scales do not balance in making this test, 
a little shot can be added to the poise or weight until a balance is obtained. 

In calibrating platform scales against known weights, the scales 
should first be thrown out of adjustment; that is, the “adjusting” 
counterpoise (on the threaded rod of the graduated beam) should be 
moved from its present setting. To readjust the platform scales, the 
“adjusting” counterpoise is moved until a balance is obtained. This 
should be done without any weight on the scales. Standard weights 
now should be placed on the scale in 5-pound increments and the scales 
calibrated. The weights should be removed in a similar manner and the 
scales calibrated as the weights are removed. It is also well to calibrate 
the scales with weights placed at the four corners and compare these 
values with those obtained with weights at the center. 

The snisitiveness of the scale is determined by finding the smallest 
added weight that will affect the balanced position of the beam first 
with no load and then with a 50-pound load upon the scales. This 
result will not be the same for different observers, as the results depend on 
how closely the beam is observed. 


Tablk XIIIB.— Capacity anp Sensitiveness of Weighing Devices 



Usual capacity, 
pounds 

Probable sensitiveness, 
pounds 

Platform scaloa. 

100-2,000 

A-i 

ih 

tV 

1 in 100,000 

vSpriiig balances. 

5-200 

Torsion balances. 

10 

Automatic scales: 

1. Pendulum tvpc. 

50 

2. Spring type. 

200 

Chemical balanc^cs. 

50 (grams) 












CHAPTER VII 
FLOW OF FLUIDS 


The flow of fluids will be discussed under these heads: 

1. The flow of air. 

2. The flow of steam. 

3. The flow of water. 

The Flow of Air.—When subjected to only a low pressure, air and 
many other gases are usually measured by a gas meter, of which there are 
many types sold commercially. There are, however, two general types: 



Fig. 184.—Typical “wet" gas meter. 


(1) wet and (2) dry. The former is by far the more reliable and should 
be always used in preference to a ^Mry'' meter when it can be obtained. 
^^Wet^’ meters receive their name from the water seal maintained in 
them. This seal must be always kept at a constant level, determined 
by calibration, and before using such a meter in a test one should always 
observe whether the water level is at the standard mark. If it is not, 
then water must be added or withdrawn as the case may be. A section 
of a ^^wet’^ meter is shown in Fig. 184. It consists of a rotor somewhat 
resembling a paddle wheel revolving on a horizontal axis in an enclosed 
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cylindrical casing partly filled with water. Figure 185 illustrates a 
typical apparatus of this kind, with four compartments A, 5, C, and 2). 
When air or any gas flows^ into one of the chambers of the meter, it 
accumulates over the surface of the water and by its pressure raises the 
chamber until it is filled. 

During rotation, the central ports a, 6, c, and d are opened and closed 
by means of the water seal. When these are open, gas from the pipe at 
the gas inlet is admitted to the compartments out of the water. Dis¬ 
charge ports a\ 5', c', and d' through which the gas passes to the discharge 
pipe are also opened and closed by the water seal. If the drum revolves 
freely, no gas can pass through the meter without producing the required 
movement of the recording mechanism, because the admission and the 



Fiq. 185.—Diagram of “wot” gas meter. Fig. 186.—Rotor of “wet” gas meter, 

discharge ports will not be open simultaneously in any compartment. 
Even the smallest rates of flow are accurately measured. Rotation is 
due to the difference in water level, as shown in the figure, between the 
two sides when the meter is operating. In the figure, gas is being admitted 
on the left-hand side so that the pressure on that side will be slightly 
greater than on the right, causing the water level to be higher and making 
a greater weight on the right-hand side than on the left. On account of 
the difficulty in making the admission and discharge ports of the rotor of 
sufficient size, the admission ports are usually placed at one end and the 
discharge ports at the other, as illustrated in Fig. 186, the flow of gas being 
shown by the arrows. In the assembled view (Fig. 184) the gas enters at 
the dry well F, passes through the drum and out at the front end, then 
over the drum between it and the inside of the meter casing to discharge 
at the outlet.^ In this way the drum is made to revolve to the left by 

1 The nature or specific gravity of the gas is not important, as gas meters are cali¬ 
brated to record volumes, usually cubic feet. 

* More frequently the outlet for the gas is on the top of the casing than at the back 
as shown in the figure. 




184 


POWER PLANT TESTING 


the pressure on the surface of the water below and the slanted partition 
C above, forming an ever-increasing pyramidal space between the surface 
of the water and the plane of the slanted partition. 

Fluctuations of pressure or of velocity cause errors only when great 
enough to produce a sufficient surging of the water, so that the water 
sealing on the valves may at times be prevented. If the flow is inter¬ 
mittent, as in the suction pipe of gas engines and compressors, a pressure 
regulator must be provided. A rubber bag is used as a regulator when 
the gas is under pressure and a diving bell hung on springs for suction 
gas. A weighted gas regulator is shown in Fig. 233, page 245. 

Dry gas meters are used for the usual “house metering’’ of gas. 
They are not nearly so accurate as the “wet” types but can be used 
more conveniently because they are not dependent on a constantly 
maintained water level. In simplest terms such meters consist of two 
chambers separated by a vertical partition, each chamber containing an 



interior measuring receiver having a flexible shell. Gas is admitted to 
these measuring receivers alternately by means of slide valves actuated 
automatically. The reciprocating movement of alternately filling and 
emptying these receivers operates the counting mechanism. 

“Wet” meters are usually very accurate, while “dry” meters are 
not “supposed to be instruments of great accuracy.” 

Pitot Tube for Measurement of Air.—Probably the most accurate 
method of measuring air in large volumes is by means of a Pitot tube. A 
standard instrument of this kind designed for the measurement of air by 
the American Blower Corporation is shown in Fig. 187. 

It consists simply of two concentric brass tubes, a small one A being 
placed inside of a larger one By as illustrated in detail in Fig. 188. The 
lower end of the small tube is open at A, while the outside and larger 
tube is tapered and closed; but approximately midway along its hori¬ 
zontal portion, as shown in the figure, there are two holes on each side.^ 
These holes should be not much more than -rV inch in diameter. The 

' The holes for static pressure are shown here at the top and bottom. In practice 
these holes are usually placed at the sides of the tube, as in this location they are less 
likely to become filled with dust and refuse. 
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tubes A and B are arranged so that each has a separate connection, as at 
A’ and jB', as shown in Fig. 188. 

The Taylor Pitot tube was formerly much used. It differs essentially 
from the one shown in the figures by having a short slot 2\ inches long 
and iV inch wide on each side. At high velocities these slots cause 
eddies^ and the static pressure observed will be too high. Taylor tubes, 
being 13 inches long compared with 4| inches for 
the ABC types, are much more clumsy and liable 
to breakage in handling. 

As a Pitot tube is used, it is placed so that the 
opening at A (Fig. 188) points against the direction 
of flow and receives the full effect of the pressure 
due to the velocity of flow. The side openings in B 
are subjected to the static pressure only. For con¬ 
venience, let p = velocity pressure and s = static 
pressure. For example, the difference in the levels in the manometer a 
(Fig. 190) is therefore that due to {p + h) — .s, or simply p, the velocity 
pressure. 

Another type of Pitot tube much used and known as Burnham’s is 
shown in Fig. 189. It is made up of two tubes A and B, Tube A is for 



Fia. 189.- -Burnham’s 
Pitot tube. 



For Pressures above Atmospheric 



Atmospheric 
Fui. 191. 


Fi(3. 190. 

ArranRement of connections for Pitot-tube measurements. 


obtaining the total pressure and in principle is not different from those 
already described. The static tube B is unique. It is open at the end 
and is pointed downward. On the side toward the direction of flow it is 
beveled at an angle of about 45 degrees. Neither the Taylor nor the 
Burnham type is satisfactory for measuring velocities above 6,000 
to 8,000 feet per minute, while the ABC type is accurate for very high 
velocities. The latter type is the one recommended by the Power 
Test Committee of the A.S.M.E. (see Mechanical Engineering^ November, 
1912, page 1831). 

1 This inaccuracy of the Taylor type of tube can be remedied by soldering neatly 
a sheet of fine brass gauze over the slots. For results of tests with the Taylor tube 
see Tram*. A.S.M.E.. Vol. 33, pp. 1137-1173. 
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Pitot tubes are usually connected to manometers or preferably to 
sensitive draft gages, showing the pressure in small fractions of an inch 
of water. When the end of the Pitot tube at is connected to the 
left-hand end of a draft gage, like those in Figs. 190 and 191, and the 
end at B' is attached to the right-hand end, the instrument acts as a 
differential gage and the difference between the reading when thus 
connected and its zero reading is the pressure in inches of water corre¬ 
sponding to the velocity alone; that is (p + «) — If, as before, we 
call the velocity pressure p in inches of w^ater, and if h is the height or 
“head” in feet of an equivalent column of air producing the same 
pressure, then the velocity of the air v in feet per minute is 

V = 60 \/ 2 ^, 


where g is the force of gravity (32.2), and 

h ^ X ^ cubic foot of waler^ 

12 weight of a cubic foot of air 

^ _62.3p_ ^ ^5. 196p 

12 X weight of a cubic foot of air weight of a cubic foot of air 


V = 1,097. 


4 


V 


weight of a cubic foot of air 


(34) 


In Table XIV the weight is given of dry air and also the weight of air 
completely saturated with moisture (100 per cent humidity). The data 
given are at standard atmospheric pressure (29.92 inches of mercury) 
and the temperature given is that indicated by the “dry-bulb” ther¬ 
mometer (page 187). By interpolating between these tables, the weight 
of air for any temperature and degree of saturation is easily obtained. 
If it is remembered also that the weight per cubic foot is directly propor¬ 
tional to the absolute pressure, the weight for any pressure is readily 
determined. Tables for determining the percentage of saturation by 
means of wet- and dry-bulb thermometers are given on page 442. 

For work requiring greater accuracy, the curve sheet of Fig. 287 
(page 442) may be used, if it is remembered that for weight calculations 
7,000 grains are equivalent to 1 pound. 

To determine the volume of air flowing through a circular duct, the 
average velocity is most accurately obtained by dividing the cross 
section of the duct or pipe into 5 or 10 imaginary annular rings of equal 
area. Each of these rings is then again divided into two others of 
equal area. Observations for a given flow are then made by shifting 
the Pitot tube rapidly along a diameter and taking readings with the tip 
of the tube at each of these last points of subdivision, called “stations.” 
Average velocities and flows are then readily obtained from these obser¬ 
vations. This is sometimes known as the “10-point” method. For a 


^ The weight of a cubic foot of water at about *‘room” temperature (about 70° F.) 
is about 62.3 pounds. 
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pipe of radius r, divided into five annular rings, the '^stations'' or points 
of observation would be at the following distances from the center: 
(1) 0.316 r; (2) 0.548 r; (3) 0.707 r; (4) 0.837 r; (5) 0.949 r. 

Table XIV. —Properties op Saturated Air^ 

Weights of Air, Vapor of Water, and Saturated Mixture of Air and Vapor at Different 
Temperatures, under Standard Atmospheric Pressure of 29.921 Inches of Mercury 


Tempera¬ 
ture, 
degrees . 
Fahrenheit 

(1) 

Weight in a cubic foot of mixture 

B.t.u.absorbed 
by 1 cu. ft. 
saturated air 
per degree 
Fahrenheit 

(5) 

Cubic feet 
saturated 
air warmed 
1® per B.t.u. 

(6) 

Specific heat, 
B.t.u. per 
pound of 
mixture 

(7) 

Weight of 
dry air, 
pounds 

(2) 

Weight of 
vapor for 
saturation, 
pounds 

(3) 

Total weight 
of saturated 
mixture, 
pounds 

(4) 

0 

0.08625 

0.000068 

0.08632 

0.02083 

48.02 

0.2413 

5 

0.08628 

0.000087 

0.08637 

0.02060 

48.54 

0.2414 

10 

0.084.33 

0.000110 

0.08444 

0.02039 

49.05 

0.2416 

15 

0.08.339 

0.000139 

0.08353 

0.02018 

49.56 

0.2416 

20 

0.08246 

0.000176 

0.08264 

0.01998 

60.07 

0.2418 

25 

0.08164 

0.000222 

0.08176 

0.01978 

60.57 

0.2419 

30 

0.08062 

0.000277 

0.08090 

0.01958 

61.07 

0.2420 

36 

0.07970 

0.000339 

0.08004 

0.01939 

61.68 

0.2423 

40 

0.07878 

0.000409 

0.07919 

0.01921 

52.06 

0.2426 

45 

0,07786 

0.000491 

0.07835 

0.01903 

52.55 

0.2429 

50 

0.07694 

0.000587 

0.07753 

0.01885 

63.06 

0.2431 

66 

0.07601 

0.000699 

0.07671 

0.01808 

53.54 

0.2435 

60 

0.07506 

0.000828 

0.07589 

0.01861 

64.02 

0.2439 

65 

0.07409 

0.000978 

0.07607 

0.01835 

64.60 

0.2444 

70 

0.07310 

0,001161 

0.07426 

0.01819 

64.97 

0.2450 

76 

0.07208 

0.0013.50 

0.07343 

0.01804 

55.44 

0.2467 

80 

0.07103 

0.001578 

0.07261 

0.01790 

55.87 

0.2466 

85 

0.06993 

0.001838 

0.07177 

0.01775 

66.34 

0.2473 

90 

0.06879 

0.002134 

0.07092 

0.01762 

56.76 

0.2485 

95 

0.06760 

0.002470 

0.07007 

0.01749 

67.18 

0.2496 

100 

0.06635 

0.002860 

0.06920 i 

0.01736 

57.69 

0.2509 

106 

0.06603 

0.003279 

0.06831 ! 

0.01725 

67.98 

0.2626 

no 

0.06364 

0.003762 

0.06740 

0.01714 

58.35 

0.2543 

116 

0.06217 1 

0.004305 

0.06648 

0.01704 

68.69 

0.2663 

120 

0.06060 

0.004914 

0.06561 

0.01695 

59.00 

0.2587 

125 

0.0589.3 

0.006694 

0.06462 

0.01686 

69.31 

0.2613 

130 

0.05715 

0.006351 

0.06360 

0.01679 

69.56 

0.2644 

136 

0.05624 

0.007191 

0.06243 

0.01673 

69,78 

0.2680 

140 

0.05319 

0.008120 

0.06131 

0.01668 

69.96 

0.2721 

145 

0.05099 

0.009163 

0,06014 

0.01664 

60.11 

0.2767 

160 

0.04864 

0.010296 

0.06894 

0.01662 

60.17 

0.2820 

166 

0.04612 

0.011553 

0.05767 

0.01661 

60.21 

0.2880 

160 

0.04340 

0.012936 

0.05634 

0.01662 

60.17 

0.2960 

165 

0.04048 

0.014451 

0.05493 

0.01663 

60.14 

0.3028 

170 

0.0.3734 

0.016108 

0.05345 

0.01668 

69.96 

0.3121 

175 

0.03397 

0.017919 

0.05189 

0.01676 

69.71 

0.3228 

180 

0.03036 

0.019896 

0.05025 

0.01684 

69.38 

0.3361 

185 

0.02646 

0.022063 

0.04851 

0.01696 

59.00 

0.3495 

190 

0.02228 

0.024400 

0.04668 

0.01710 

58.49 

0.3663 

195 

0.01780 

0.026960 

0.04476 

0.01730 

57.81 

0.3866 

200 

0.01300 

0.029716 

0.04272 

0.01749 

67.18 

0.4094 

206 

0.00783 

0.032707 

0.04054 

0.01767 

56.50 

0.4359 

210 

0.00230 

0.035938 

0.03824 

0.01802 

65.60 

0.4712 

212 

0.0 

0.037307 

0.03731 

0.01815 

55.10 

0.4865 


1 Buffalo Forge Company, Fan Engineering,” 3d ed., p. 16,1933. 
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When the Burnham Pitot tube is used, readings are taken usually in 
only one position. This position giving the average velocity is stated to 
be at a distance of eight-tenths of the actual internal radius from the 
center of the pipe. 

The following paragraph is the recommendation of the American 
Society of Heating and Ventilating Engineers: 

In general, no accurate velocity-pressure readings can be taken when 
the flow of air in ducts is turbulent. To insure accuracy, a straight 
section of duct from five to ten times its own diameter is desirable in 
order to straighten out the air currents. If it is necessary to take Pitot 
tube readings in shorter sections of straight duct, the results must be 
considered subject to some doubt and checked accordingly. For accu¬ 
rate work, it is necessary to make a traverse of the duct, dividing its 
cross section into a number of imaginary equal areas and taking a read¬ 
ing in the center of each, the average of the velocities corresponding to 
these pressures giving the true velocity in the duct. 

Figures 190 and 191 show the methods of connecting a Pitot tube to 

manometers for observing velocities 
when the pressure is above or below 
atmospheric. The usual case is 
where the pressure is greater than 
atmospheric, and the cases where it 
is less are most often in the suction 
line of a ventilating fan. In Fig. 191 
positions of ^‘stations’' (a, b, c, and 
d) are marked on a board to assist 
in taking observations. Measure¬ 
ments of velocity Avith a Pitot tube 
should not be attempted if there is 
not at least 15 feet of straight pipe 
in the direction in which the tube is 
pointed. This precaution is neces¬ 
sary to avoid the effect of eddies 
in the pipe. 

Anemometers. —A very con¬ 
venient and simple method of 

Fig. 192.—a typical anemometer for measuring directly the volume of air, 
measuring velocity of air. . , . . . 

or any gases, is by using an instru¬ 
ment called an anemometer. This instrument (Fig. 192) consists in its 
essential parts of a light vane wheel like a screw propeller having either 
flat or slightly curved vanes mounted on slender arms. The wheel must 
be made very light in weight, must be accurately balanced, and should 
move easily in its bearings. By its own motion it operates a counting 
mechanism attached to its shaft which indicates velocities in feet. Read- 
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ings of the counter are taken at the beginning and end of a suitable lapse of 
time, usually ^ to 1 minute. Such instruments must be placed with the 
axis of rotation in the direction of the flow of air or gas. They have 
upper and lower velocity limits beyond which they should not be used. 
The lower limit cannot be defined, as it will depend on the precautions 
taken in manufacture and in use to eliminate friction. As regards the 
higher limit, it will usually depend on the size of the wheel, large wheels 
being less suitable than smaller ones for high velocities. Practically 
none should be used for velocities higher than 1,000 feet per minute. 

A calibration chart must always be provided for such instruments and 
the calibration should be frequently checked at several points within 
its velocity limits. 

Methods of Calibrating Anemometers, Pitot Tubes, and Gas Meters.— 

Probably the best method of calibrating anemometers is to compare their 
readings with the actual measurements of air 
discharged from a gasometer or gas holder like 
Fig. 193. It consists of a tank A for holding 
water or other liquid into which the ^^bell” B is 
raised and lowered. The piping as shown is 
arranged with a three-way cock (see page 149), 
but for accurate work separate inlet and dis¬ 
charge pipes should be provided. The weight W 
is to counterbalance the weight of the bell. I'his 
method of counterbalancing, if used without a 
means for correction, would cause a change of 
pressure of the gas in the holder as the bell 
ascends or descends, due to a variation of depth 
of immersion. As a means to correct this, a 
compensating weight iv is suspended from a cord 
wrapping over a can C. Observations rec[uired 
to determine the volume of gas are: (1) pressure 
(usually read with a water manometer M); (2) temperature; and 
(3) movement of the bell in a given time. In order to get the tem¬ 
perature of the gas in the bell accurately, the temperature of the liquid 
should be as nearly as possible the same as that of the gas. Movement 
of the bell is usually read directly with the help of a suitable scale and 
some form of sighting device to insure accuracy in reading the scale. 

Gasometers may be calibrated by calculation or by actual tests, pref¬ 
erably of the displacement of water. When the method of calculation 
is used, measurements of the diameter should be made at several points 
on the circumference to allow for possible lack of symmetry. 

Large gasometers such as are installed at gas works are also frequently 
used to calibrate Pitot tubes; and gas meters are invariably calibrated 
by comparison with a gasometer. 
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Gas meters may also be calibrated by any apparatus suitable for the 
displacement of the gas as it is withdrawn by water or other suitable 
liquid. It is necessary, of course, that when the weighings are made the 
pressure and temperature of the gas be accurately determined. 

Anemometers are suitable only for low velocities (from about 50 to 
1,000 feet per minute) and Pitot tubes in general are best adapted to 
velocities from 300 to 3,000 feet per minute, but instruments like the 
ABC type (Fig. 187), designed to avoid eddies around the “static'' 
openings, are satisfactory up to 6,000 feet per minute. 

In order to use an anemometer successfully, all the gas to be measured 
must be passed through openings of suitable size in which the instrument 
can be placed. These openings should each have an area of about 
15 square inches (if the anemometer is about 2^ inches in diameter) 
so that the resistance interposed by the instrument will be negligible. 

A very common method of calibrating anemometers and Pitot tubes 
is by mounting them on the end of a long and light rod arranged to be 
revolved about a central point. The readings of the instrument are 
compared with its computed velocity. Other methods of calibration 
under more nearly “working conditions" are generally considered better, 
as the method of swinging about a central point makes the instrument 
read too high on account of the eddies produced. 

The standard of reference for calibrating Pitot tubes, anemometers, etc., is the 
gasometer,^ and if the instrument used cannot be calibrated by actual measure¬ 
ment, the constants employed should be those obtained from a similar instru¬ 
ment which has been calibrated by actual reference to a gasometer measurement. 
(Report of Power Test Committee, A.S.M.E., 1912.) 

Flow of Air through an Orifice.—Air under comparatively high pres¬ 
sures is usually measured in practice by means of pressure and tempera¬ 
ture observations made on the two sides of a sharp-edged orifice in a 
diaphragm. Figure 194 illustrates the method with two pressure gages 
on opposite sides of the orifice and a thermometer for obtaining the tem¬ 
perature ti at the initial or higher pressure pi. The flow of air w, in 
pounds per second, may then be calculated^ by Fliegner's formulas. 

^ It is very difficult to get a uniform temperature in a gasometer so that the vol¬ 
ume of gas discharging from the outlet may be different by 2 or 3 per cent from that 
indicated by the scale on the gasometer. When accurate work is to be done, a better 
method to use is the displacement of water as measured by its weight in a vessel of 
heavy sheet metal. The walls of the vessel should be heavy to prevent rapid radiation 
to the surrounding air. A long thermometer should be used which should be inside 
the vessel itself and may be read through a peep hole. If the vessel is of heavy glass, 
the conditions will be still better. 

* Coefficients of discharge must be applied when the formulas are used in connec¬ 
tion with actual data in the same way as in Eq. (37) below. Research at the Uni¬ 
versity of Missouri by Professor Westcott gives the value of 0.925 for this coefficient. 
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w = 0.530 X a 
w = 1.060 X a 


Pi 

— 7 = when Pi is greater than 2 p 2 . 

VTi 




— 2^ when pi is less than 2 p 2 , 


(35) 

(36) 


where a is the area of the orifice in square inches, Ti is the absolute initial 
temperature in degrees Fahrenheit at the absolute pressure pi in the 
“reservoir or high-pressure side/' and p 2 is the absolute discharge pres¬ 
sure, both in pounds per square inch. When the discharge from the 
orifice is directly into the atmosphere, p 2 is obviously barometric pressure. 

For small pressures it is often desirable to substitute manometers for 
pressure gages. One leg of a U-tube manometer can be connected to 
the high-pressure side of the orifice and the other leg to the low-pressure 
side. Many engineers insert valves or cocks between the manometer 
and the pipe in which the pressure is to be observed for the purpose of 
“damping" oscillations. This practice is not to be recommended, as 



Fkj. 194. —Measuring flow of air through an orifice. 


there is always the possibility that the pressure is being throttled.^ A 
better method is to use a U-tube made with a restricted area at the bend 
between the two legs. This will reduce oscillations and not affect the 
accuracy of the observations. 

Discharge from compressors and the air supply for gas engines are 
frequently measured by orifice methods. 

When Pi — P 2 is small compared with pi, the simple law of discharge^ 
of fluids can be used as follows: 

1 Report of Power Test Committee, Mech, Eng.j November, 1912, p. 1695. 

2 If the density is fairly constant, 

144791 , £ 1 ^ ^ 144p2 , 
a ^ 2g « 2g’ 

where vi is the velocity in feet per second in the “approach ” to the orifice and vo is the 
velocity in the orifice itself. Since vi should be very small compared with voy 
Vo* _ 144(7?i — P 2 ) 

2g s 



v) *= ^ 144(pi — p2)«. 
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W 


/a 


l^y^g X 144(pi - p2)s, 


(37) 


where w is the weight in pounds discharged per second, a is the area of 
the smallest section of the orifice in square inches, the pressures pi and 
are in pounds per square inch, / is a coefficient from experiments, g is the 
acceleration due to gravity (32.2), and s is the unit weight of the gas 
measured, in pounds per cubic foot, for the average of the initial and 
final conditions of temperature and pressure (table of weight of air on 
page 187). If the difference in pressure is measured in inches of water h 
with a manometer, then in terms of pounds per square foot 

144(p, -p,)=^xh 


w 


- I 

r44V 


2ghsX 


6 ^ 

12 


pounds per second. 


where 62.4 is the weight of a cubic foot of water (density) at usual “room ” 
temperatures. 

This eejuation can also be transformed so that a table of the weight of 
air is not needed, since by elementary thermodynamics 144p?; = 53.3T, 
where v is the volume in cubic feet of 1 pound of air or other gas and T 
is the absolute temperature in degrees Fahrenheit. Since v is the 
reciprocal of &•, then 

s = 144p ^ 53.3T', 

and 


w = 0.209/a 



(38) 


Here p and T should be the values obtained by averaging the initial and 
final pressures and temperatures. Great care should be exercised in 
obtaining correct temperatures. When Eq. (37) is used, for accurate 
work, corrections of s for humidity must be made.^ 

For measurements made with orifices with a well-rounded entrance 
and a smooth bore, so that there is practically no contraction of the jet, 
the coefficient / in Eqs. (37) and (38) may be taken as 0.98. In the 
rounding portion of the entrance to such a nozzle the largest diameter 
must be at least twice the diameter of the smallest section. For circular 
orifices with sharp corners. Professor Dalby^ in reporting extensive 
experiments stated that the coefficient for his sharp-edged orifices in a 
thin plate of various sizes from 1 to 5 inches in diameter was in all cases 
approximately 0.60; and these data agree very well with those published 
by Durley.'^ 

^ Tables of relative humidity and moisture in air are given on p. 442. 

* Engineering (London), Sept. 9, 1910, p. 380, and Ashcroft in Proc, InsU Civil 
Eng., Vol. 173, p. 289. 

* Trans. A.S.M.E., Vol. 27, p. 193. 
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When p 2 2>i = 0.99, the values obtained with this coefficient are in 
error less than J per cent; and when p 2 Pi = 0.93, the error is less than 
2 per cent. 

Flow of Air Measured by Cooling.—This method depends on taking 
from the air an amount of heat^ which can be measured and then com¬ 
puting from the heat units absorbed, the difference in temperature 
and specific heat of the air, its weight and volume.^ The arrangement 
of the apparatus is shown in Fig. 195. A coil of pipes (7, the cooling 
surface of which is as equally as possible distributed over the section of 
the duct D, D', carrying the air to be measured, is used to absorb heat 



Fi«. 195.—Mcasuriniu: flow of air by cooling. 


by circulating water through it. Thermometers are arranged so that 
the temperatures of the air and of the water ctiri be observed, and a 
platform scales is shown for obtaining the weight of water. By using the 
symbols ti and t 2 for the initial and final temperatures of the air in degrees 
Fahrenheit, t' and t'' for the temperatures of the water entering and 
leaving in degrees Fahrenheit, Wa = weight of air passing through duct 
in pounds per second, Wo = weight of water collected in pounds per 
second, and 0.2375 = specific heat of the air at constant pressure and 
at temperatures not much above atmospheric,^^ then the heat absorbed 
by the water per second is — t') B.t.u. and this equals the heat 

lost by the air, or 0.2375 Waifi — ^ 2 ), and therefore 

Wo{t" - n _ 4.211i^^,(/" - O 
0.2375(<i - h) ih - h) ' ^ ■ 

Thomas’s electric meters employ this method of measuring gas, using 
electric current for the heating medium. The gas flows past a series of 

1 The method will be equally applicable if heat is added, as, for example, by passing 
steam through the coil. This method is often used to calibrate Pitot tubes and 
anemometers. 

® The weight of a cubic foot of air is 0.0765 pound at 62®F. (522®F. abs.) and 14.7 
pounds per square inch pressure. Since the volume is directly proportional to the 
absolute temperature, the weight at any other temperature is easily computed. 
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electrical resistances enclosed in a pipe. Electric heating by these 
resistances raises the temperature of the gas a few degrees. Tempera¬ 
tures before and after heating are measured by delicate resistance 
thermometers connected to a Wheatstone bridge and a sensitive 
galvanometer. 

If the electrical energy used for heating is kept constant, and if the 
specific heat of the gas does not vary, the flow is inversely proportional 
to the rise in temperature. 

If E is the amount of energy in watts, supplied to raise the temper¬ 
ature of w pounds of gas per hour through t^F, and 8 is the specific heat of 
the gas at constant pressure, then 


w — 


3A12E 

ts 


(40) 


If the volume of gas is required, its pressure, temperature, and relative 
humidity (percentage of saturation) must be determined. 

Receiver Method of Measuring Air.—None of the preceding methods 
are adaptable for measuring the volume of air at high pressures as in 
the case of measuring the discharge in tests of air compressors. Pump¬ 
ing air into a suitably strong receiver is a method often used. The 
compressor is made to pump against any desired pressure which is 
kept constant by a regulating valve on the discharge pipe: 

Pi and P 2 = absoluteinitialandfinalpressuresfor the test, in pounds 
per square inch. 

Ti and = mean absolute initial and final temperatures, in degrees 
Fahrenheit. 

WI and W 2 = initial and final weight of air in the receiver, in pounds. 

V = volume of receiver, in cubic feet. 

PiV = WRTi and P 2 V = WzRTzj where R is the constant 
53.3 for air, then weight in pounds of air pumped. 



In accurate laboratory tests the humidity of the air entering the 
compressor should be measured in order to reduce this weight of air 
to the corresponding equivalent volume at atmospheric pressure and 
temperature. 

Principal errors in this method are due to difficulty in measuring the 
average temperature in the receiver. Whenever practicable, the final 
pressure should be maintained in the receiver at the end of the test until 
the final temperature is fairly constant. 

The foregoing method is often reversed by discharging air at high pres¬ 
sure from a receiver. Constant discharge pressure is maintained by 
throttling with a valve. 
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Measurement of Air by Chemical Analysis. —Quantity of air supplied 
for combustion in boilers and other furnaces cati be determined from 
the analysis of the products of combustion by the formulas given on 
pages 317 and 330. 

Venturi meters (see page 211) are also used successfully for measuring 
large volumes of gas as in tests of gas producers,^ etc. 

Flow of Steam through Nozzles and Orifices. —The flow of the steam 
from an orifice or nozzle has a definite critical value when the final 
absolute pressure is approximately 0.58 of the initial pressure. When 
the final pressure is less than this critical value, the flow is expressed 
very accurately by the following empirical formula, based on the experi¬ 
ments of Professors Emswiler and Fessenden. Using the following 
symbols: 

pi = initial absolute pressure of the steam, in pounds per square inch. 

P 2 = final absolute pressure of steam, in pounds per square inch. 
a == area of the smallest section of the nozzle or orifice, in square 
inches. 

Then the weight of the dry saturated steam discharged in pounds per 
second is approximately'^ 

w = when p 2 is less than 0.58pi. (42) 


Now since in the theoretical formulas the weight discharged is inversely 
proportional to the square root of the specific volume v, or w is propor- 

iVi 

tional to fhe formula above corrected for initial quality x of the 

steam is 


w 


J —when P 2 is less than 0.58pi.‘'^ 
60 \/ar 


(44) 


When the steam is superheated, the specific volume is considerably 
increased, and for this condition the author has found that the following 
equation gives very satisfactory results 


60(1 + 0.00065d) 


^ Trans. Vol. 28, p. 483, and Vol. 29, p. 952. See also BtiU. 76, Builder's 

Iron Foundry, Providence, R. I. 

* A somewhat simpler formula, known as Napier’s formula, which is accurate 
enough for most calculations, is the following: 


w — ~~ when pz is less than 0.58pi. (43) 

^ Emswiler states the correction factor for quality of steam as 1 4- (1 ~ 0,012m) 
where m is the per cent of moisture in the steam. 

* For a more extended discussion of the flow of steam see “Steam Turbines,” by 
the author, 6th ed., pp. 36-45. 
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when, as before, p 2 is less than 0.58pi and where d is the number of 
degrees (Fahrenheit) of superheat. 

When the final pressure p 2 is greater than 0.58pi, the formulas must 
be modified to correspond to the reduced flow observed by inserting a 
coefficient iv as a factor in the right-hand member of the equations. 
Values of this coefficient are most conveniently obtained from the 
curve in Fig. 196, which was plotted from the experimental results 
obtained by Professor Rateau. 

Equations (42) to (45) are for the flow" through nozzles with smooth 
walls, being w"ell rounded at the entrance and the length along the axis 
at least three times the length of the shortest side or diameter. If the 
nozzles are of approximately rectangular section, they must be made 



Katio of Final Pressure to Initial (-£l) 

Fia. 196.—llateavi’s curve for flow of steam giving values of the coefficient K. 

without well-defined edges; in other words, the cross section must show 
well-rounded corners. 

Orifice measurements of the flow of steam are particularly recom¬ 
mended by some engineers for ascertaining the steam consumption of 
the ‘^auxiliariesin a power plant. This method commends itself 
particularly because of its simplicity and accuracy. It is best applied 
by inserting a plate J inch thick with an orifice 1 inch in diameter, with 
square edges, at its center, between the two halves of a pair of flanges 
on the pipe through which the steam passes. Accurately calibrated 
steam gages are required on each side of the orifice to determine the loss 
of pressure. The weight of steam for the various differences of pressure 
may be determined by arranging the apparatus so that the steam passing 
through the orifice will be discharged into a tank of water placed on a 
platform scales. The flow through this orifice in pounds of dry saturated 
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steam per hour when the discharge pressure at the orifice is 100 pounds 
by the gage is given by the following table 


Pressure, drop, 
pounds per square 
inch 

Flow of dry steam j 
per hour, pounds 

Pressure, drop, 
pounds per square 
inch 

Flow of dry steam 
per hour, pounds 

i 

430 

5 

1,560 

1 

615 

10 

2,180 

2 

930 

15 

2,640 

3 


20 

3,050 

4 

1,400 




Measurement of Steam with Nozzles for Turbine-performance 
Tests (Requirements of A.S.M.E. Research Committee).^—A system 
of steam measurements by the use of nozzles has recently been worked 
out with sufficient accuracy to make it adaptable to determine the 
guarantee” performance of steam turbines for noncondensing oper¬ 
ation, for condensing operation wdth jet condensers, and of extraction or 
bleeder steam turbines. Engineers have realized for a long time that a 
reasonably accurate and standardized method was needed for determining 
accurately the steam consumption of a steam turbine by the method of 
measuring the pressures within and near to a suitably designed orifice 
in the steam supply line. The Steam Turbine Test Code (page 380) of 
the A.S.M.E., as now published, makes no provision for determining 
steam quantities by orifice-flow measurements. The American practice 
in this respect is different from the European, as the Steam Turbine 
Rules for Acceptance Tests of the International Electrotechnical Com¬ 
mission permit such determinations by means of standardized nozzles. 
Such nozzle measurements must not be confused, how^ever, with the very 
common use of commercial types of steam-flow' meters. In respect to 
the latter, turbine manufacturers have been justified in the past when 
they have declined to accept for guarantee determination results which 
w^ere based on data obtained w^ith commercial flow meters. It must be 
realized, however, that in some cases the arrangement of the plant is 
such that a test to determine steam consumption cannot be carried out by 
the method of weighing the condensate without excessive expense. 
There is, therefore, a need for a less costly measurement of steam than 
by weighing. 

Typical Flow Nozzles .—Figures 197 to 200 show recommended types 
of flow nozzles designed by S. A. Moss of Lynn for accurate steam-flow 
measurements. Of these, the nozzle shown in Figs. 197 and 199 (with 
pipe taps) is especially recommended. In this nozzle, the approach side 

^Jour. A.S.M.E.y November, 1912, p. 1693. 

* Moss, S. A., and W. W. Johnson, Trans. A.S.M.E., Vol. 56, No. 11, 1933. 
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is well rounded. As this nozzle is shown in cross section, each side is 
practically a quarter ellipse with a ratio of the axes of 3 to 2.^ 



Even though, as in the nozzle described, there is a very gradual 
curve of approach, there can be no certainty that the curved portion 
of the nozzle will be completely filled by the flow of steam through it. 



Fig. 198.—Recommended nozzle with throat taps. 


For this reason, a short portion of a nozzle used for accurate flow measure¬ 
ments should have parallel sides, so as to form a nozzle throat, of which 

^ This cross section is nearly the shape used by the Bureau of Standards for deter¬ 
mining discharge coefficients for the flow of air {Research Paper 49, March, 1929), 
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the length should be at least half of the smallest diameter of the nozzle. 
Another reason for having this portion of the nozzle with parallel sides 
is to insure that the jet of steam flowing through the nozzle has the 
exact diameter of the nozzle at the point where its static pressure is 
taken, as, for example, at the drill holes shown at the right-hand side of 
Figs. 197, 198, and 199. When this uncertainty as to the size of the jet of 
the flowing steam is thus removed, the nozzle-discharge coefficient can be 
very accurately determined. 

In the application of flow nozzles for accurate steam measurements, 
the nozzle to be used must be selected to give, for all conditions of the 
test, differential pressures (page 19) of at least 2 inches of mercury^ for 
the smallest flow to be measured, and between 10 inches of mercury and 
10 per cent of the high-side^’ pressure for the largest flow. In a good 


Cnof /ess /han vq) 



'//eavy worfled-/u/>ing\ 
flanged at each end 
fo mafch steam matn 


Fig. 199.- 


^ nipples screwed 
ana welded in place 

Si)ociaI pipe section for nozzle with pipe taps. 


design of flow nozzle, the throat diameter D should be between 40 and 60 
per cent of the steam-pipe diameter. For determining the best nozzle 
diameter for a given case, formula (47) on page 203 may be used. 

Static-pressure Holes in Nozzle ,—The nozzles that have been described 
are intended to have either two or four low-side static-pressure holes. 
Nozzles that have a throat diameter of 2 inches or more should have 
throat-pressure holes (if any) that are not less than J inch but not more 
than J inch in diameter. For nozzles smaller than those with a 2-inch 
throat diameter, the throat-pressure holes should have a diameter of 

about ^ inch but should not be smaller than | inch. All static-pressure 

holes should have a straight length of at least twice the hole diameter. 

These static-pressure holes should be located at a distance of about j- 

^ Pressure loss due to friction through the nozzle can, of course, be minimized by 
selecting a nozzle that will give a small differential pressure, but this is undesirable, as 
it is best to use the differential pressures as stated, in order to obtain satisfactory 
accuracy in the determination of the differential pressure. 
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inch but not less than f inch upstream from the plane of the nozzle end. 
They may be arranged in either of two methods: (1) as throat-pressure 
holes, which, of course, would be directly in the nozzle throat, as shown in 


fjr 

2 sfratghf ntppfe with 

n!nn/^ rJ/ym '• 



, Valve arrangement 
if equalizing pipe 
is used 

Male connector 
Csfeet) 

'—Plug must be ^ 

removed during 


\i:-Mercury 

manometer 




Detail of Dotm in 
Straight and 
in Close Nipples 


\<-Dirt traps 


Fig. 200.—Layout of af)paratus f(}r measuring nozzle with pipe taps in vertical steam main. 


Fig. 198, so as to give the actual throat pressure;^ or (2) as holes in the 
pipe wall, as shown in Figs. 197 and 199, so as to give the pressure in the 
region into which the jet discharges. 

^ When throat taps are u.sed, speeial care must be taken, on account of the high 
throat velocity, to insure that the inner edges are perfectly formed. This may be 
accomplished by first rough-finishing the nozzle throat, drilling, reaming, and then 
plugging the throat holes with tight plugs, and finally finishing the throat; or the 
nozzle throat may be finished by grinding after the holes are drilled. In either case, 
the inner edges of the pressure holes should be smoothed with crocus cloth so as to 
remove all sharp edges and burrs. These edges should be inspected with a magnifying 
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For accurate work in nozzle flow, it is necessary for the nozzle to be 
accurately centered in the pipe in which the flow is measured. A nozzle 
should therefore be doweled or similarly secured in place so that there is 
no opportunity for the center line of the nozzle throat to deviate from the 
center line of the pipe. A small amount of eccentricity of the nozzle with 
respect to the center line of the pipe may produce sizable errors. This 
system of steam measurement, as thus far developed, applies only to 
cases where the steam preceding the nozzle is superheated. In order to 
determine the superheat, the temperature of the steam should be meas¬ 
ured with two calibrated mercury-in-glass thermometers inserted in 
finned wells (page 39) or by first-class resistance thermometers. In 
either case, the glass or resistance thermometers should be located in the 
pipe ahead of the nozzle at distances from it of not less than 16/> inches, 
and preferably 20Z) inches. Thermometer wells in a vertical pipe 
should be located at an angle of about 45 degrees, the finned thermom¬ 
eter wells shown on page 40 being used. 

Calibration to Determine Nozzle-discharge Coefficient. —When a special 
separate nozzle section is used, the nozzle-discharge coefficient may be 
determined by calibration of the complete special section in a laboratory 
by the actual weight of the steam flow through the nozzle, the differential 
pressure at the nozzle being measured through the static holes in the same 
way that static pressures will be observed when the nozzle section is 
used for steam-turbine testing. 

The nozzle-discharge coefficient is the ratio of the actual flow to the 
theoretical flow, as calculated by the formulas to be used with this method. 
A calibration by the use of weighed flows should be made for each new 
nozzle.^ 

Differential Mercury U-tubes. —In the application of this method of 
steam-flow determination, it is necessary to use accurate U-tube differ¬ 
ential gages. The error of the U-tubes should be not more than 0.01 inch 
of mercury. To insure this accuracy, it is necessary to use slides on 
the mounting of the U-tube. Such a U-tube should have a plate in 
front of the mercury column and another plate behind the mercury 
column, so that the observer can look across the tops of the plates to 
set them exactly on the top of the meniscus of the mercury in the U-tube. 

Precautions for Conduct of Steam-consumption Test. —Fluctuations 
of the steam pressure in the pipe where the steam flow is being measured 

^ When throat pressure holes are used for differential-pressure measurements, the 
nozzle-discharge coefficient is the same as that of a nozzle freely discharging into the 
atmosphere. For the flow formulas used for this method, the coefficient is very nearly 
a true friction coefficient, and its value is nearly 0.99 over a wide range of velocities. 
When pipe holes are used, the coefficients are slightly lower, owing to greater magni¬ 
tude of the differential pressure. This is because of partial evacuation of the region 
back of the nozzle end due to entrainment by the nozzle jet of the surrounding fluid. 
In either case the coefficients derived from a calibration are reproducible with accuracy. 
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are objectionable, as they set up oscillations of the differential mercury 
columns. Steam-consumption tests of turbines should be made with the 
turbine governing valves blocked so that they cannot operate. Oscilla¬ 
tions in the differential mercury columns of more than inch of mercury 
on either side of the average at the largest test differential pressure should 
be avoided. A globe valve in the steam main (preferably with a by-pass) 
should be used for controlling the pressure if there are likely to be large 
fluctuations. When, however, the steam main is open to the boilers 
only, the pressure fluctuations are not likely to be large. With steady 
mercury columns and with the pressure controlled by a globe valve, 
readings may be taken at 5-minute intervals in a 1-hour test; and all the 
readings may be taken by one observer. In a shorter test, or if the steam- 
main pressure varies considerably, readings must be taken oftener, and 
two or more observers may be needed. 

When a suitably designed and carefully constructed nozzle is used, 
the observed differential pressures can usually be made to agree within 
1 per cent, even though sufficient accuracy can be obtained if the differ¬ 
ential pressures have a variation of as much as 2 per cent. In the case 
of what appears to be excessive variation in the differential pressures, it is 
likely to be found that the inaccuracy is due to the presence of deposits 
of some kind on the inner edges of some of the holes in the nozzle throat. 
Provision should he made in the set-up of such apparatus for the Jittach- 
ment of blow-off valves in the pipes for pressure measurement, so that the 
deposits may be removed when these valves are opened. 


Formula for Small Differential Pressxire^,p to ^ 0.10 


) 


By the 


use of the symbols listed below, steam flow through an accurately con¬ 
structed steel nozzle is given by formula (46). 
w = flow, in pounds per hour. 

Pi = high-side static pressure, in pounds per square inch absolute. 
p' = differential pressure, in pounds per square inch, or difference 
between pi and absolute low-side static pressure. 

For most work, p'/pi will not exceed about 0.10. 

Vi = specific volume at high-side conditions, in cubic feet per pound 
(from Keenan’s ‘‘Steam Tables” in the Appendix. 
ti = high-side temperature, in degree Fahrenheit. 

tg = standard temperature at which micrometer for measuring nozzle 
diameter is correct, usually 68°F. 

D = nozzle diameter, in inches, as average of a number of careful 
measurements with a micrometer which is at approximately the 
temperature of the nozzle. 

Di = diameter, in inches, of pipe preceding nozzle where pi is measured. 
n = exponent for isentropic expansion of superheated steam. Its 
value is 1.28 
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c = coefficient of discharge. With tapped throat holes this may 
be taken as 0.99. 

Formula for Small Differential Pressure, up to p'/pi = 0.10 


w = 


l,890cD2[l + 0.000013(<, - ^ 

- (0 + 1.562(^)V/Pi 


(46) 


Speakle^ has proposed a simplification of a more general form of the 
foregoing formula by using a term Y as an expansion factor, the values 
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Fig. 201.— Values of nozzle expansion fatJtor. 


being given by curves in Fig. 201 for any set of conditions. In this 
figure, the abscissas on the upper part of the curve sheet are ratios of the 
differential pressure to the absolute inlet static pressure, with the ordinates 
at the upper left corresponding to values of the expansion factors Y for 

steam flow for different ratios of 77 - as shown by the diagonal lines. It 

is stated that this graphic method as applied to the formula below 
checks the Moss and Johnson formulas within 0.1 to 0.2 per cent. The 
modified formula to be used with the curves in the figure is given below: 

l,890cl>“[l + 0.000013(<i - t.)]Vp’ X VY 
w = - r- ■ -V—r-H - (47) 

1 Trans, A.S.M.E., Vol. 56, No. 11, p. 164. 
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By substituting the symbol / for the approach factor 



these values can be obtained from the upper left-hand part of Fig. 201, in 
which the values of / for each ratio of ^ are plotted. 


Values of the correction factor for throat expansion 


[1 + 0.000013(^1 - t^)] 


can be plotted as shown in the right-hand part of the figure for different 
temperatures of the steam. The corresponding value of 

[1 + 0.000013(^1 - Q] 

is the term y. 

Thus Eq. (47) can be further simplified to 

(tP 

w - l,890r//>2//^^F 

which is suitable for rapid calculations and further can be used for any 
calculation of steam flow through steel nozzles regardk^ss of the quality 
of the steam and the size of the differential pressure produced by the 
nozzle. 

This method of measuring steam How with nozzles has been recom¬ 
mended by the A.S.M.E. Research Committee on Fluid Meters^ and has 
therefore satisfactory st anding in professional work. 

Flow of Steam Measured with Pitot Tube Meters.—One of the types 
of steam-flow meters made by the General Electric Company is an 



application of a Pitot tube of unusual design. A nozzle plug (Fig. 202) 
is inserted into the steam pipe and in this plug there are two sets of holes 
each communicating with a separate tube starting from the end of the 
plug. The ‘heading’’ set of holes of a nozzle plug is subjected to velocity 
plus static pressure, while the trailing holes are subjected to velocity less 
static pressure only. The principles of operation are therefore the same 
as for the measurement of air by the Pitot tube (see page 184). The 
part actuating the recorder consists of two cups connected by a hollow 
tube forming an elongated U-shaped vessel which is filled with mercury. 

» Trans. A.S.M.E., Vol. 56, No. 11, p. 164, 1933. 



FLOW OF FLUIDS 


205 


This vessel is balanced on knife edges. The cups are connected by 
flexible steel tubing to pipes running to the nozzle plug. In the operation 
of the instrument the excess of pressure in the leading holes of the nozzle 
plug causes the mercury to shift its level and stand higher in the cup 
connected to the trailing holes. As a result of this unbalancing of 
weights, the whole vessel will swing on the knife edges until equilibrium 
is established. 

The Flow of Water. —When the quantity of water to be measured is 
not too large, it is most accurately determined by weighing in tanks 
placed on scales, or by direct measurement of volume in calibrated tanks 


Dial 



Fio. 203.—Pulsating-diaphragm water meter. 


or barrels. Sometimes it is impracticable to weigh or measure the volume 
of the water directly, particularly wdien it must be measured imder 
pressure. For measurements in pipes up to 2 or 3 inches in diameter, a 
water meter is generally used. 

A great many types of water meters are sold commercially and not 
very many are accurate, so that it is absolutely necessary to calibrate 
them at least before and after a test, under the same conditions of 
temperature, pressure, and rate of flow. In many plants where meters 
are used constantly, suitable connections are made to the discharge from 
the meter, so that at any time the flow through it can be diverted into a 
tank in which it can be measured by volume or weighed. 

One of the best types of water meters is illustrated in Fig. 203. This 
belongs to the class operating with a ''pulsating diaphragm.^' The 
inclined shaft S on this diaphragm, traveling around in contact with the 
peg P on the plate B, moves the counting mechanism through inter- 
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mediate gears. This diaphragm in the Thomson-Lambert meter (Fig. 
204) is made of hard rubber reinforced with a steel plate, which makes it 
much more durable than those made without reinforcing. As the side 
chambers are alternately filled and emptied, the diaphragm is moved up 
and down with a pulsating” motion and operates the recording 
mechanism. The diaphragm divides the measuring chamber into two 
compartments of equal volume. While one of these is filling, the other 



f IG. 204.- Thomson-Lambert water meter. 


is emptying. For general purposes this type is probably used more 
than any other and for a fairly constant flow is quite accurate; but 
because of leakage it is not sufficiently accurate for rates of flow that at 
times have very low values. 

Piston Water Meter, —The piston type of water meter (Fig. 205) 
is also used frequently. It belongs to the type operating in a cylinder by 
a reciprocating piston which is driven backward and forward by the 
pressure of the water. In this device there are two pistons side by side. 
Water is admitted alternately at each end by a slide valve A moving 
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on seats in the plate S, just above the bottom casting containing the 
inlet and outlet chambers. These valves are mbved by contact with 
the inner faces of the plunger heads near the end of the travel and move 
them over at the proper time. The lever L is moved back and forth 
by one of the plungers to operate the counting mechanism. The cored 
passages in the bottom casting are too complicated to be shown clearly. 
The plungers at the end of their travel strike against the rubber bumpers 
Rf which are provided to reduce the shock. 



Inlet 


Fiti. 205.—Piston water meter. 


Meters actuated by the velocity of water are particularly suitable for 
measuring large quantities at low pressure. Figure 206 shows an example 
of this class. Water flows into the wheel I after entering and passing 
through the screen S as shown by the arrows. Guide vanes deflect the 
water horizontally and radially outward from the center into the dis¬ 
charge passage A. When the wheel revolves, it moves the counting 
mechanism G above. Objections to such meters are that they are very 
unreliable for small flows because of 
the friction of the parts, and an 
appreciable flow is required to start 
them. Friction is an important 
element in meters of this type, but 
they are not injured by moderately 
hot water. 

The readings of a water meter 
are usually in cubic feet. A water 
meter is essentially a water motor 
adapted for operating the gearing connected to the counting mechanism. 

Frequent calibrations of water meters are necessary because they are 
likely to become more or less clogged with dirt and refuse. The read¬ 
ings are also affected by the temperature, head, and quantity of water 
flowing, as well as by the amount of air carried in the water. A meter 
should always be calibrated at least at two or three rates of flow, as it 



Fig. 206.--Water meter 
velocity. 


operated 
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scarcely ever happens that the conditions of the test are so uniform that 
the meter will be used only for a certain predetermined rate of flow.^ 
Willcox Water Meter. —Automatic measuring devices are often used 
for determining the weight of condensed steam in engine tests or the 
weight of feed water in boiler trials. The Willcox meter^ is a most satis¬ 
factory apparatus of this kind. It consists of a tank (Fig. 207) divided 
by a partition P into two compartments A and B, one above the other. 
The upper compartment A receives the inflow of water and the lower one 
B serves for measuring. Projecting into the lower compartment is 



a U-shaped discharge pipe C, which is always water-sealed. The upper 
end of the discharge pipe is covered by a bell float F, which is permitted 
a short up-and-down movement. In the upper compartment there is a 
short standpipe S, which is simply a hollow cylinder open at the top 
and bottom. The bell float F and the standpipe S are connected rigidly 
by a vertical rod (Fig. 208) so that they move together as one piece, and 
this is the only moving part in the apparatus. The lower end of this 
standpipe has a corrugated face; and when it is down in its lowest posi¬ 
tion, its corrugated face rests on a soft seat or ring surrounding a circular 
opening in the partition P, This seat is made of a rubber composition 

1 Calibration curves are usually plotted with meter readings as abscissas and actual 
volumes as ordinates. A curve should be plotted for each of the several rates of flow 
if they are different. Curves of meter readings (abscissas) and correction factors 
(ordinates) are also useful. 

* Willcox Engineering Co., Saginaw, Mich. 
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which is not injured by boiling water. The apparatus can be used, there¬ 
fore, with either hot or cold water without risk. 

In the operation of the apparatus, when the standpipe S is down on 
its seat, water entering through the side inlet accumulates in the upper 
compartment A until it overflows the top of the standpipe. The water 
then flows down through the hollow standpipe into the lower compart¬ 
ment until there is a suflScient amount to seal the lower edge of the bell 
float F. Then, as more water accumulates, the bell float rises, lifting the 
standpipe S from its seat, and the water in the upper compartment flows 
down into the lower one until the volume is that of a '^unit charge” for 
the apparatus, when the “tripping” device discharges the water through 
the discharge pipe C. The “tripping” is accomplished by a “trip” 
pipe T, which is normally water-sealed, but w^hich becomes unsealed 
when a “unit charge” has accumulated. While the water is accumulat¬ 
ing in the lower compartment B, the water in the left-hand leg of the 
“trip” pipe T is being slowly pushed down because of the increasing 
pressure of the air under the bell float F, due to the increase of head of 
water, and a corresponding amount of water spills over the upper end of 
the right-hand leg It of the “trip” pipe into the discharge pipe. Owing 
to this action the water level in T is lowered until it reaches the bend in 
the lower end of the “trip” pipe. Under these conditions the water 
column in R exactly balances the head of water in the lower compart¬ 
ment B and the air entrapped in the float valve F has a function similar 
to that of a scale beam, balancing on one side the head of water in the 
tank and on the other side the head of the standard water column in F, 
which, of course, is always constant. At the instant this balance is 
secured, a very small amount of water added in the lower compartment 
and the corresponding additional spill from R will destroy this equilib¬ 
rium. Then the air compressed in the bell float F and the upper part 
of the discharge pipe breaks the water seal in R by suddenly discharging 
all the water in it. When the air pressure in the bell float F is thus reduced, 
it drops down, carrying down with it the standpipe S in the upper com¬ 
partment A. In this last operation the air is moved from the interior 
of the bell float F, and water flow ing in to replace it will spill over the 
top of the discharge pipe C and w ill flow" out of the other end until the 
lower chamber is emptied of the “unit charge.” At this time the stand¬ 
pipe S becomes seated, owing to the pressure of the w"ater above the bell 
float and to the downward suction of the siphon. Thus the standpipe 
is held tightly upon its seat only at the instant when tightness is required, 
that is, while the ‘^unit charge” is being discharged. After the stand¬ 
pipe has seated, water again accumulates in the upper compartment A 
and the cycle of operations is repeated. 

A mechanical counter shown at the side of the apparatus is connected 
to a ball float inside the lower compartment and registers the number of 
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times the apparatus is tripped. An automatic device of this kind is 
easily calibrated by weighing several “unit charges,” and it can then be 
used with as great a degree of accuracy as can be expected with rapid 
weighings in tanks on platform scales. It may be expected to weigh hot 
or cold water with a maximum error of not more than 1 per cent for the 
conditions of calibration. 

Leinert (Worthington) Weigher. —The apparatus shown in Fig. 209 
is one of the few devices made which actually weighs the liquid to be 

measured. It can therefore be 
used for liquids of widely varyinj? 
density without making correc¬ 
tions. It consists of a pair of 
open tanks supported on trun¬ 
nions with knife-edge bearings 
{K) in such a way that when 
empty they assume the normal 
position as shown in the figure. 
After a certain quantity of liquid 
has entered the tank, the counter¬ 
balancing effect of the lead weights 
in the casing W is overcome and 
the tank tips over and the con¬ 
tents are siphoned out through the pipe P. By this tipping action the 
trough H receiving the liquid from the supply pipe I is switched from the 
full to the empty tank, and at the same lime the counter C is operated 
to register the number of times the tanks have been filled. Since weight 
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Fig. 210.—Herschel’s venturi meter. 


is the method of measurement, the record is independent of the tempera¬ 
ture of the liquid; but there is always a very small variation of weight 
with the rate of flow. The weight per charge can be adjusted by chang¬ 
ing the number of weights in the casing 

^ Henry R. Worthington, 115 Broadway, New York, and Holden & Brooke, 
Jjondon. 



Fig. 209.—Tilting-tarik water weigher. 
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Venturi Meter. —An arrangement of piping in which there is a gradual 
narrowing of the section to a minimum followed by a more gradual 
enlargement was invented by Clemens Herschel for measuring the flow 
of water. This apparatus is called a venturi meter and is shown in 
Fig. 210. Piezometer tubes (manometers) are arranged to indicate the 
pressure at the sections shown. Pressures at these sections will be 
denoted respectively by pm and p». 

From Bernoulli's theorem^ it follows that the relation between the 
pressure in pounds per square foot and the velocities in feet per second 
at the two sections Vm and Vn of a stream flowing through such a closed 
horizontal channel is given by 


Pm 1 ^m^ _ Pn , Vn^ 


(48) 


where d is the density of the water in pounds per cubic foot. If a repre¬ 
sents the area of a section in square feet, the volume of water flowing 
through any section (cubic feet per second) is 


(49) 


With suitable manometers or with gages, the pressures pm and pn can be 
obtained; and since all other quantities can be represented by a constant 
k, we have 

Volume per unit of time = h\/pm p„. (50) 

As usually made, the venturi tube is merely a pipe which tapers from 
each end toward the throat, which is usually lined with hard bronze 
to secure a smooth bore and has a diameter of from one-third to one-half 
that of the pipe line. Its total length is about eight times the diameter 
of the pipe. In the commercial forms of this apparatus near the inlet 
or upstream end and also at the throat are annular chambers encircling 
the tube, which communicate with the interior by numerous small vent 
holes. When no water is flowing in the venturi tube, the pressure will be 
the same in these two annular chambers; but when there is a flow of 
water through it, the throat pressure becomes less than the upstream 
pressure. The difference between the two is proportional to the square 
of the velocity of the water. 

A recording device^ has been arranged, consisting essentially of a 
large U-tube, serving the same function as the one in the figure, filled 
with mercury, supporting in each leg an iron float. These floats have 
toothed racks connected to their upper ends which engage with pinions 

* See Jamieson, ^‘Applied Mechanics,^’ Vol. II, p. 458. 

* Builder^s Iron Foundry, Providence, R. I. 
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on the same horizontal shaft with a cam. A small wheel supporting 
the recording pencil rides on the perimeter of this cam, which is arranged 
so that the wheel rides on the greatest eccentricity of the cam and con¬ 
sequently the recording pencil will indicate on the chart the greatest 
flow when the rack is at its maximum height. The pipes connecting 
the U-tube with the venturi meter should always be full of water. Air 
cocks are provided for removing air that may accumulate in pockets.' 
Since the flow is proportional to the square root of the difference of 
pressure, a complicated cam device is required to permit the charts of the 
recorder to be made with equal divisions. 

The General Electric flow meter (see page 204) 
is also sometimes applied for measuring the flow of 
water in pipes. 

The Vaughan flow meter^ (Fig. 211) is a mechani¬ 
cal device for indicating the flow of liquids in pipes. 

It consists of a cylindrical chamber with suitable 
pipe connections enclosing a slotted tube through 
which the liquid must pass. Enclosed in this tube 
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Fi(.. 211 —Vaughan flow meter. 


Fiu. 212.—Section of 
Vaughan flow meter. 


is a piston float which rises with increased flow of the liquid and is carried 
up until the exposed area of the slot is sufficient to allow the flow of the 
liquid through it without further rise in the level of the liquid. A scale 
at the side of the piston index indicates the rate of flow. There is also 
an electric alarm at the bottom which operates when the flow of liquid 
is too low. This instrument is shown in section in Fig. 212. 

Flow of Water through Orifices and Nozzles. —Theoretically, the 
velocity of flowing water under any pressure is the same as the velocity 
attained by a body falling freely through a distance equal to that head 
h as in Fig. 213. Furthermore, this statemeni would be the same even 
if the water had no free surface, provided, however, the pressure at 
^ For more detailed discussion and tevsts see llerschel’s papers in Trans. A.S.C.E., 
November, 1887, and January, 1888; also Power, Jan. 23, 1912. 

* Made by Gurley, Troy, N. Y. 
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the orifice was that due to a head h. If then there is no loss of head 
due to friction and eddies formed by the water passing through the 
orifice, the velocity of discharge, v in feet per second, is 

V = (51) 

where is the acceleration due to gravity and h is the head over the 
center of the orifice in feet. 

If a is the area of the cross section of the orifice in square feet, q is 
the quantity or volume of water discharged in cubic feet per second, 



and if it is assumed the stream is of the same cross-sectional area as the 
orifice, then 

q — ay/^i. (52) 

Since the actual flow is less than the theoretical in most cases, and con¬ 
siderably less when the discharge is from a hole with sharp edges in a 
thin plate, a more general form may be written by inserting a suitable 
coefficient' of discharge fc, then 

q = ka\/2gh. (53) 

For an orifice located in the side or bottom of a tank, consisting of a 
circular opening in a thin metal plate with a smooth sharp edge, the 

* The value of g is approximately 32.2, so that Eq, (51) can be simplified into 
t; = 8.02 VL 

^ This coefficient is often called the coefficient of discharge and is the product of 
the coefficients of contraction and of velocity. 
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,.«iue O/ the coefficwnt ^ «^Y.iuee, Journal A.S.M.B; November, 1912, 

(see Report Power Test C.ommittPe, 

page 1829). , 

Calibration of Orifices and Nozzles.— Water under a constant pressure 

is often measured by observations oi tbe flow through either orifices or 
short nozzles which have been carefully calibrated. The apparatus 
required for this calibration consists usually of a suitably arranged stand¬ 
pipe to which the orifice or nozzle can be attached so that a given head 
of water can be maintained^ and barrels on scales (or tanks calibrated 
for volumes) are used to receive the water discharged. 

A pressure of 1 pound per square inch is equivalent to a head of 
water at 62®F. of 27.72 inches, or 2.31 feet. A normal atmospheric 
pressure (14.7 pounds per square inch) is therefore equivalent to a head 
of 33.96 feet of water. Then for a given pressure or head the quantity of 
water discharged in a given time is readily obtained and the coefficient 
of discharge can be computed by substituting the values of quantity of 
discharge g, the head A, and the area a, in Eq. (53). 

Data and results should be tabulated in the form given below. The 
relative roughness of the edge of the orifice or of the inside surface of 
the nozzle should be recorded. 


Flow of Water 

Flow of water through. 

Date.0})servors. 

Form of orifice or nozzle.Formula.Diuinctcr, feet. 

(Sketch) .Area, square fe€*t 


No. of 
reading 

Head in 

feet 

1 

Time in 
seconds 

Total 
pounds or 
cubic feet 

Pounds 

per 

second 

Cubic feet 
per 

second 

Coefficient of 
discharge 
k 

Remarks 







1 


Average 



i 



I 



Curves. —Curves should be plotted for each orifice or nozzle with 
head in feet for abscissas and (1) the discharge (cubic feet per second) 
and (2) the coefficient of discharge for ordinates. 

Flow of Water over Weirs. —When large quantities of water are to 
be measured, then orifices are unsuitable and it is customary to pass the 

^ In many places a suitable pressure tank is not available, and in such cases the cali¬ 
bration can be made by attaching the orifices or nozzles to pipes carrying water under 
pressure. The readings of the pressure gage can be reduced to the equivalent head in 
feet, to which must be added, if the center of the gage is higher than the orifice or 
nozzle, the distance in feet from the center of the nozzle to the center of the gage. 
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whole body of water over a weir or gage notch. Thie consists of a 
board placed across the stream so that all the water must pass over it. 
The length of the notch is usually made less than the width of the stream 
TO give definite conditions. This is accomplished most easily by sawing 
the notch out of a long board and beveling the edges. 

A typical arrangement for measuring the head of water on a weir is 
illustrated in Fig. 214. The head must be determined with great 


accuracy, and this is done usually by means of a hook gage 
(Fig. 215) and a suitable machinist's or carpenter's level. 

The hook gage consists of a sharp-pointed hook //, 
attached to a vernier scale K, intended to measure very 
accurately the amount the hook is moved. Before taking 
an observation, the hook must first be submerged and then 
raised slowly till the point just breaks the surface of the 
water. The correct height of the surface is obtained at the 
instant when the point of the hook pierces it. The head h 
of the water flowing over the weir (Fig. 214) is obtained by 
setting by means of a straightedge SE and the level L the 
point of the hook at the same level as the crest of the w'eir. 




Fig. 214 —Typical weir for mcasuriDg 
water. 


Fig. 215.—A 
hook gage. 


The height observed in this position is called the zero head. It is to be 
subtracted from all other readings to get the head of water flowing. The 
hook gage must be placed in a position on the upstream side of the weir 
where the surface has no appreciable velocity and where there is very 
little disturbance due to eddies. In terms of the following symbols, 
q = quantity or volume of wafer discharged, in cubic feet per second. 
h = head, in feet, on weir measured in still water. 
h = breadth of the weir, in feet, 
n = number of contractions. 
k = coefficient of discharge. 

q = ^khi(b - 0.1nh)\/%. (54) 

This is the well-known Francis formula for a rectangular notch. The 
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ordinary rectangular notch has two contractions, one at each side of 
the crest. 

Where there is a relatively deep channel to make the velocity of 
approach small, a rectangular weir without end contractions is the best 
type.^ End contractions are likely to be sources of error and should be 
avoided when possible. 

Triangular notches in weirs are sometimes used. One of these in the 
form of a right-angled isosceles triangle is shown in Fig. 216. It has 
the advantage of giving the same form of stream whatever the size of the 



notch or the height of water passing through. It is, therefore, particu¬ 
larly suitable for measuring a flow of water which is somewhat variable. 
The quantity of water discharged over a triangular weir or notch is 

q = (55) 

When the angle is 90 degrees, 

h — 2h and q = 4.26fcA*. (56) 

Also when the angle is 60 degrees, 

h — 2h tan 30° and q = 2A7kh^. (57) 

Weir Meters.—A w^eir or notch will measure any quantity of water 
if made of a suitable size. Rectangular weirs are generally used for large 
quantities and notches of various shapes for small quantities. For 
accurate work the head on the crest is measured with a hook gage, 
but in many cases a float is used. The instrument used for measuring 
the head should not be less than 2 feet from the crest and preferably 
' Daugherty, R. L., Hydraulics,” 2d ed., pp. 82-89. 
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farther away. The distance of the crest from the bottom of the weir 
tank should be not less than three times the average head. For a weir 
with two contractions, the width of the tank should be not less than 
three times the width of the weir. To maintain the surface free from 
ripples, baffle plates, preferably of 

perforated sheet metal, should be _ c (cl 

located between the supply pipe and * 1 

the instrument for measuring the _yr j ^ 

head. I / I 

Lea’s recorder for V-notch weirs gl r) v hLf 

is successfully used in many services ^ -h tj p-pj j ^ 

for measuring water. Water level n I 

is measured by a vsheet-metal float Pj ^ i 

usually about 12 inches in diameter 
which is attached to the vertical 

shaft S of the recorder in Fig. 217. CT F CT F 

On the upper end of this shaft is a 

1 o u* -ju • • Flo. 217.—Lea’s recorder, 

rack R meshing with a pinion on the 

left-hand end of the horizontal shaft carrying the drum D which has on 
its curved surface a spiral band over which a trailing arm F is fitted. 
The curvature of the spiral band has been made to conform to a 
logarithmic curve, so that increments of movement of the trailing arm 



Fig. 218.— Moyer’s recording weir. 


are proportional to the 
quantity of water flowing, 
and not to the up-and- 
down movement of the 
float. The trailer F is 
connected to a pen arm 
making a record on the 
paper drum C. These 
charts will therefore have 
equally spaced ordinates 
and the area under the 
curve traced on them is 
proportional to the quan¬ 
tity of water flowing in a 
given time. 

Moyer’s recorder (Fig. 
218) consists of a weir tank 
T into which water dis¬ 


charges through the supply pipe S, A float F is located under the 
recorder R. The vertical shaft of the float, held in line by small ball¬ 
bearing guides, is connected to the pen point P directly, without any 
intervening gears or linkages. Baffle plates B are placed between the 
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supply pipe and the float to eliminate ripples and steady the float. The 
notch N follows almost exactly the theoretical lines for a flow proportional 
to the head, accurate allowances being made also for end contractions. 
Radial ordinates traced by the pen point P are therefore proportional to 
the rate of flow. By measuring these charts with a Bristol-Durland 
averager for circular charts (see page 112) the quantity of water flowing in 
a given time can be accurately obtained. 

The charts are graduated in pounds of water per hour instead of 
cubic feet. This is made possible by the automatic temperature correc¬ 
tion of this apparatus. For a given weight of flow as the temperature 
increases or decreases, the head increases or decreases correspondingly 

and vice versa; but at the same time the 
displacement of the float increases as the 
water becomes lighter by reason of being 
hotter. These two influences therefore 
counterbalance, making the weight dis¬ 
charged in a given time proportional to 
the ordinates of the curve traced by the 
pen of the recorder. This apparatus is 
accurate to 0.5 per cent for temperature 
correction. 

An automatic float valve is provided 
for shutting off the water supply to 
prevent overflowing. 

No weir device, is very accurate for 
very low rates of flow. Any mistake 
made in determining h will produce a 
larger percentage error in the results with 
the rectangular and triangular notches 
than with an orifice. Where great accuracy is desired and the quantity 
of water to be handled is not too large, an orifice calibrated and used in 
the bottom of the tank as shown in Fig. 219 is to be preferred to measure¬ 
ments with a weir. This remark is particularly applicable in connection 
with the measurements of cooling (circulating) water in tests of large 
steam engines and turbines. 

Calibration Data Sheets.—Use the same form for data as given for 
calibration of orifices or nozzles on page 214. 

Curves should be plotted with heads for abscissas and (1) the dis¬ 
charge (cubic feet per second) and (2) the coefficient of discharge for 
ordinates. 

Weighing Liquids in Tanks.—In order lo weigh liquids under a con¬ 
tinuous flow, two tanks, usually made of sheet metal, are generally used. 
Each tank is placed on a scales and the liquid is alternately discharged 
into each. The discharge pipe is usually arranged so that it is 



engine tests. 
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movable from one tank to the other by turning on a screw thread. At the 
side of each tank near the bottom a so-called ‘‘quick-openingvalve or 
cock is provided for rapidly emptying the tanks. These discharge valves 
should be large, because the more rapidly the tanks can be emptied the 
greater the quantity of water the arrangement will handle.^ 

When only one platform scales is available, an arrangement like that 
shown in Fig. 220 can be used efficiently. The larger tank is placed on 
the scales and the smaller one is supported on a platform or bench at 
such a height that it can be readily discharged into the larger tank. 
During the operation of weighing and emptying the larger tank, the 
liquid is discharging into the smaller one; and when the discharge is 
again directed into the larger tank, the valve or cock on the smaller one 



is opened so that its contents will be included in the next weighing of 
the larger tank. 

For weighing feed water in boiler tests the reverse of this arrangement 
is frequently applied. There are as before two tanks or barrels; the 
more elevated one is on a platform scales, and the attendant doing the 
weighing empties weighed quantities of water into the lower tank as 
needed to supply the feed pump. In the lower tank the water level 
must be the same level at the end as at the beginning of a test.^ 

Where the flow is absolutely constant, as in the discharge of water 
from nozzles or orifices with a constant head, a tank may be filled at 
intervals, observing accurately with a stop watch the time for filling and 
weighing each time. The average of several such determinations gives 
a fairly accurate result. 

^ The discharge can be increased by attaching a short pipe to the discharge side 
of the valve, which by reducing the contraction increases the flow. 

2 For determining these levels in the tank a water-gage glass is very convenient. 
If, however, there is no gage glass on the tank, marks can be made with a knife or by 
painting a line on the inside of the tank. 
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Liquids are also often measured instead of weighed in calibrated tanks. 
In every case the temperature of the liquid must then be observed. In 
some cases the tanks have graduated scales at the side of a glass water 
gage from which the volume of water can be observ^ed; or again there is 
only a single mark up to which the tank is to be filled each time. Estab¬ 
lishing the exact level for a large surface is not an easy matter and to 
make this method more accurate the marks up to which the tank is to be 
filled are preferably put on a portion of the tank at the top which has 
been made considerably smaller in size than the rest of the tank. 

It is a very poor method to fill tanks up to the rim on account of the 
variableness of the meniscus, which may vary from various causes. 

Actual weights corresponding to measurements of volume are always 
varying with the temperature of both the liquid and the tank or collecting 
vessel. It is therefore necessary in every case to determine by actual 
tests the weight corresponding to the volume of a tank for a given liquid 
at various temperatures and apply a calibration curve for temperature 
variations to all measurements. Calibrations should be made also with 
the inside wetted surface in as nearly the same condition as it will be 
after each emptying in a test. 

An ingenious method of measuring the flow of a liquid is illustrated 
in Fig. 221. It shows a tank separated by a partition into two parts. 
The partition is not quite so high as the sides of the tank. In operation, 
one of the halves is filled up to the top of the partition, permitting any 
excess to flow over into the other half. Then the supply pipe is swung 
over to the second half which is filling while the first half is being emptied. 
The tanks must be emptied, of course, more rapidly than they are filled. 

In order to make easier the supervision and checking of tests, it is 
desirable that the quantities weighed or measured should be as nearly 
equal as possible. 

Automatic scales provided with a continuously operating controlling 
device have been successfully developed. The poise on the weighing 
beam is set in motion when the article to be weighed is put on the scales; 
and when the beam shows it is balanced, the poise stops automatically. 
The weight is usually registered by means of a counting device, but a 
printing recorder can also be used. 
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Permissiblb Velocity and Accuracy of Devices for the Measurement of 

Fluids 



Measure¬ 

ment 

Permissible 
velocity, feet per 
second 

Probable 
error, per 
cent 

Gas meters: 




“Wef' meter. 

Volume 

100 r.p.m. 


<<Dry’^ meter. 

Volume 


5-10 

Pitot tube. 

Velocity 

Above 8 

1 

Anemometer. 

Velocity 

1-40 

1-6 

Electric meter. 

Weight 

3-500 

i 

Receiver. 

Volume 

Unlimited 

1 

Orifice. 

Weight 

Unlimited 

2 

Venturi tube. 

Velocity 

Unlimited 

1 

Steam meters: 




Pitot tube. 

Velocity 

Above 10 

1 

Orifice. 

Weight 

Unlimited 

J 

Float. 

Volume 

50-200 

2 

Water meters: 




Impulses wheel. 

Velocity 

5-100 

1 

Rotary disk... 

Volume 

100 r.p.m. 

1 

Piston. 

Volume 

150 strokes per min. 

1-5 

Rectangular weir. 

Volume 

Unlimited 


V-shapod weir. 

Volume 

Unlimited 

hi 

Flow-proi)()rti()nal-t()-head weir. 

Volume 

Unlimited 

hi 

Automatic tank. 

Volume 

Up to 20 lb. 

1 

Venturi tube. 

Velocity 

Varying 

i 

Pitot tube. 

Velocity 

__j 

10-400 

1 

























CHAPTER VIII 


CALORIFIC VALUE OF FUELS—SOLID, LIQUID, AND GAS 

Calorific power is a term applied to the quantity of heat generated 
by the complete combustion of a definite quantity of fuel. In order to 
insure rapid and complete combustion, the fuel is preferably burned in 
an atmosphere of oxygen under pressure. This calorific power of fuels 
is expressed in the English system as British thermal units per pound, 
and in the metric system as calories per gram. 

In fuel calorimetry it is always assumed in engineering calculations 
that at about the usual “room” temperatures the specific heat of water 
is constant, so that the weight of reasonably pure or distilled water in 
pounds times the change in temperature in degrees Fahrenheit is the 
heat change in British thermal units (B.t.u.). Similarly, the weight of 
w’ater in kilograms times the change of temperature in Centigrade degrees 
is the heat change in kilogram-calories (French units).^ For conversion 
constants see page 74. 

The quantity of heat generated by combustion is measured by the 
rise in temperature of a given weight of water in a calorimeter of which 
the heat equivalent or water equivalent k has been determined, and the 
temperature of any gas escaping has been reduced to that of the room. 

Ijet Wf = weight of the fuel, in grams. 

Ww = weight of the water, in grams. 
k = heat or water equivalent^ of the calorimeter, in grams. 
h = initial temperature of water, in degrees Centigrade. 
tz = final temperature of water, in degrees Centigrade. 

Q = total heat generated, in calories. 

^ In determinations of the calorific value of solid mid liquid fuels it is customary 
to measure temperatures in Centigrade degrees and weights in grams (page 224). 

2 Heat equivalent is used to express the heat-absorbing effe(!t of the calorimeter 
as equivalent to that of a weight of water. This may be found (1) as for calorimeters 
used for determining the quality of steam by the hot-water method (see p. 96); (2) 
by taking the sum of the products of the weights and specific heats of the various 
parts of the calorimeter (see Calorific Power of Fuels,by H. Poole, pp, 14, 15); or 
(3) (method recommended by Power Test Committee of A.S.M.E.) by comparing 
the calorific results obtained with those that should have been secured, if there had 
been no absorption of heat in the calorimeter itself, by the combustion in oxygen gas 
of some substance of which the heat value is known, as, for example, pure sucrose, 
carbon, naphthalene, or benzoic acid. Samples of the materials of which the heat 
value has been worked out accurately are available at small expense from the U. S. 
Bureau of Standards. The standard sample should be made into a pellet (see p. 229) 
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Then the calorific value H per gram of fuel in calories is 

^ + k){t2 - ^i) 

Wf Wf 


(58) 


Heat of Combustion of Solid and Liquid Fuels. —At the present 
time, there is a general agreement among testing experts that the 
heat values of solid and liquid fuels can be accurately determined with the 
bomb-type calorimeter (page 229). Among those that have received 
favorable mention by the A.S.M.E. are the following: Mahler, Atwater, 
and Emerson, Bombs for heat of combustion determinations should be 
made of acid-proof alloys or of solid steel that is lined with gold or 
platinum. Bombs made of phosphor bronze, and which are gold-plated 
on the inside, have also given satisfaction. Formerly, many of the steel 
bombs used for this service were lined with porcelain, but the disadvantage 
of this kind of lining is that it is likely to crack and thereafter will deteri¬ 
orate very rapidly, while gold and platinum linings are almost indestructi¬ 
ble for this kind of use. The valves that are used for admitting oxygen 
to the bombs and the insulated electrodes that are used for making the 
electric spark that produces combustion are usually the first parts of a 
bomb calorimeter to fail and should, therefore, be designed so that they 
can be easily replaced. In some designs the screw threads that are used 
to attach the cap to the bomb have such small threads that they wear out 


weighing about 1.5 grams which immediately after weighing should put into the 
calorimeter and burned in eominercially pure oxygen gas at about 400 pounds per 
square inch. After correction for radiation (see p. 233) the discrepancy in the heat 
balance is the product of the required heat or water equivalent and the temperature 
range. The determination of the heat equivalent of the calorimeter should be based 
on the average vahie found by at least five combustions of standard sucrose, benzoic 
acid, or naphthahme in the calorimeter, the same procedure being followed in the com¬ 
bustion of these standard ma terials as in the combustion of coal and other fuel samples. 
Standard materials for combustion may be obtained with certificate of heating value 
and corrections, if any, from the U. S. Bureau of Standards, Washington, D. C. 
These are the onl}^ combustion standards accepted in connection with the Test Codes. 
The heat or water equivalent of the calorimeter is given by^: 

(Weight of standard fuel X its certified heating value) + (fuse-wire correction). 

Correlated temperature rise 

Detailed directions for very accurate determinations are given in Circ. 11, U. S. Bur. 
Standards. 

^ It will be noted that the corn^ction for fuse wire in this equation is additive, 
whereas it is subtractive in the actual determination of heating value of a fuel. Burn¬ 
ing of the fuse wire actually develops a known amount of heat in the calorimeter which 
goes to increase the temperature rise. In the case of standardization, the heat or 
water equivalent of the calorimeter is obviously equal to the total (known) heat 
developed therein divided by the temperature rise. In burning a fuel in the calorim¬ 
eter, the total heat developed is the heating value of the fuel plus that due to the 
fuse wire. The correction must therefore be subtracted from the total in order to 
obtain the true heating value of the fuel. 
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quickly. On this account, a comparatively large pitch for the screw 
threads should be used. 

Stirrers for circulating the water in which the bomb calorimeter 
is immersed should preferably be multibladed and operated at less 
than 200 revolutions per minute. Such stirrers operated at a relatively 
low speed will not develop sufficient heat from their running to introduce 
an error in the tests. On the other hand, if a single small propeller is used 
for stirring and is operated at a very high speed, the heat development 
from the stirring may be excessive and large enough in amount to require 
a correction in the test results. 

Thermometers for Use with Bomb Calorimeters. —For accurate 
determinations of the heat of combustion of solids and liquids with a 
bomb calorimeter, an especially good temperature-measuring instrument 
should be used. Platinum resistance thermometers are recommended 
by the A.S.M.E. for this service because of the accuracy that is easily 
obtainable with such an instrument. The temperature measurement 
should be readable by interpolation to 0.001°C.,' and, of course, the 
instrument should be very carefully calibrated, either by direct test or by 
the comparison method (page 51). Good mercury-in-glass thermom¬ 
eters when carefully calibrated are, however, sufficiently accurate for 
this kind of testing. 

Heat Equivalent of Calorimeter. —The calorimeter determination of 
the heat equivalent or water equivalent of a bomb calorimeter should be 
determined according to the test codes of the A.S.M.E. (page 233) by 
duplicate determinations of the heat of combustion of samples of benzoic 
acid or naphthalene, as obtained from the U. S. Bureau of Standards. 
Heat determinations made with such samples should agree within 0.3 per 
cent for the same observer, and 0.5 per cent for different observers. 

The calorimeter capacity or heat-equivalent value of the calorimeter 
will be difficult to obtain accurately if it contains a large amount of 
material of low-heat conductivity, for the reason that low heat-con¬ 
ductivity materials introduce a time lag into the results. On this 
account, for the best accuracy in determinations, the calorimeter and its 
auxiliary parts should be made as much as possible from materials of 
high- rather than low-heat conductivity. 

The evaporation of water may also introduce an element of inac¬ 
curacy; and in order to avoid evaporation, accurate determinations of 
heat of combustion of fuels are made with an oil seal over the water 
surrounding the calorimeter. 

Adiabatic Principle as Applied in Temperature-measuring Instru¬ 
ments. —Some fuel calorimeters as, for example, the Emerson bomb type, 
are provided with a so-called adiabatic’^ jacket around the water con- 

* In fuel calorimetry it is customary for American engineers to use the Centigrade 
scale of temperature. 
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tainer. Such a calorimeter jacket is intended to be filled with a liquid, 
usually water, and has immersed in its liquid an electric heater with 
rheostat adjustments so that the water in the jacket can be raised in 
temperature, so as to maintain in the calorimeter and in the jacket always 
the same temperature. This adiabatic jacket is, therefore, a device to 
reduce to a negligible amount the radiation loss from a fuel'^alorimeter. 
Another method of making the radiation loss very small is to siirround the 
water container with a vacuum-walled jacket which will serve as a non¬ 
conductor of heat in the same way that the ordinary vacuum bottle does. 
It is claimed that a calorimeter equipped with a vacuum-walled jacket 
will have so little radiation loss that, if the temperature of the calorimeter 
water is close to that of the room (and, of course, also close to that of the 
jacket walls) at the beginning of the calorimeter tests, no radiation correc¬ 
tion need be applied. 

Precautions for Accuracy in Fuel Calorimeter.—A small room, 
preferably one without outside exposure, is much better suited for fuel- 
calorimeter work than a large open laboratory room. If it is necessary to 
do work requiring the use of a fuel calorimeter in a large open laboratory, 
it is advisable to construct a temporary partition at least 10 feet high to 
prevent the direct contact of air currents with the apparatus. It has 
been found that the best results are obtained with fuel calorimeters by 
keeping room conditions at such values that all determinations are made 
with practically the same temperature range. Where high-accuracy 
resistance thermometers are used in calorimeter work, care should be 
taken to protect them from laboratory fumes, since even slight corrosion 
of the electrical contacts may introduce measurable errors. It is a wise 
precaution also to set up the calorimeter in such a way that it will always 
occupy the same position relative to the auxiliary equipment that is 
provided in the jacket. Contact of a part of the calorimeter with 
large amounts of insulating material which adds to the heat equivalent of 
the instrument is to be avoided, since this material will necessarily add to 
the heat capacity of the instrument and will therefore have its effect in 
increasing the temperature-time lag. Excessive temperature-time lag is 
objectionable, since it tends to render the combustion intervals indefinite.^ 

In fuel calorimetry work where mcrcury-in-glass thermometers are 
used instead of electric-resistance thermometers, as first recommended, it 
is usually desirable to take temperature readings of the water surrounding 
a bomb calorimeter with the aid of a small reading telescope of the kind 

^ The A.S.M.E. committee that prepared the Power Test Code on Heat of Combus¬ 
tion recommends that, where it is necessary to make as many as 50 determinations 
of the heat of combustion of fuel in a day, it is economically possible to use fuel calo¬ 
rimeters that are provided with complete water jackets controlled by thermostats. 
This provision will eliminate the taking of observations for determining the cooling 
correction (radiation) (p. 233). 
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frequently furnished with calorimeter thermometers (magnifying power 
usually 10 diameters). With the aid of such a telescope, it is possible to 
read 0.01®C. with considerable accuracy. Small reading telescopes 
of the kind that are fastened to the thermometer stem by a spring clip 
may be satisfactorily used if the calorimeter is protected from temperature 
changes due to the proximity to the water jacket of the person taking the 
readings. It is a better practice, however, to use a reading telescope that 
can be mounted at some distance from the calorimeter so as to slide up 
and down a vertical rod with a suitable counterpoise provided so that it 
will be in a balanced position at any point on the thermometer scale and 
may be easily shifted up or down to follow changes in the temperature 
indicated by the thermometer. 

Mercury-in-glass thermometers should always be tapped before a 
reading is taken to eliminate errors due to sticking of the mercury column 
in its capillary tube. It is not uncommon to find that, without this 
tapping of the thermometer, there is a lagging error as much as 0.01°C. 
The tapping of the thermometer is usually done by a light rod or a pencil, 
but it is sometimes more convenient to use an electric buzzer with a rub¬ 
ber-tipped armature that strikes the thermometer stem very lightly. 
Where a resistance thermometer is used, on the other hand, the electrical 
indicating instrument that is used for the readings must similarly be 
tapped to avoid the possibility of errors due to sticking of the moving 
parts. For all official tests of the heat of combustion of fuels, the Test 
Codes of the A.S.M.E. require that the thermometers used shall be 
calibrated for this particular purpose by the U. S. Bureau of Standards or 
by another physical testing laboratory of high standing. 

The Beckmann differential mercury-in-glass thermometers (page 72) 
that have an adjustable range of from 5 to 6°C. are especially well suited 
for fuel-calorimetry work. Such thermometers should be graduated to 
0.01 or 0.02°C. intervals, so that they may be easily read to 0.01°C., 
preferably by means of a reading telescope and a cathetometer. ^ 

Typical Bomb Calorimeters. —Formerly the calorimeters used for 
burning fuels in an oxygen atmosphere were arranged for combustion at 
constant pressure; but since it was found that more reliable results could 
be obtained generally with apparatus maintaining a constant volume, the 
former type is not now much used. When the combustion takes place 
at constant volume, the vessel receiving the charge of fuel and oxygen 

^ A cathetometer consists of a vertical shaft supported on a tripod. A sliding car¬ 
riage is provided to move up and down on a carefully fitted vertical track. The sliding 
carriage carries a telescope and can be clamped in any position on the track corre¬ 
sponding to the elevation at which the telescope is to be used. Minute movements 
of the telescope can then be obtained by adjusting a vernier which is a part of the 
carriage. The moving parts arc supported on cords which pass over pulleys at the top 
of the supporting standard and have counterbalancing weights on the opposite side 
of the pulleys. 
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must be designed to withstand a great pressure, and therefore on account 
of the massive construction required the vessel is called a bomb calorim¬ 
eter. The essential part of such a calorimeter is the strong steel vessel or 
bomb similar to Fig. 222. It consists of a steel shell S 
having a capacity of about 50 cubic inches and capable 
of resisting with safety a pressure of about 4,000 pounds 
per square inch. This shell is usually provided with a 
coat of enamel or a lining of platinum, gold, or nickel on 
the inside and is nickel-plated on the outside. The 
coating or lining on the inside is intended to resist cor¬ 
rosion and oxidizing action during the combustion. 

The advantage of the nickel lining over the coat of 
enamel is that when it is worn out or broken it can 
readily be replaced and at much less expense than the 
enamel. The shell is closed at the top by an iron cover 
or cap which is to be made tight by screwing down on 
a lead washer with considerable force, using a long 
wrench. At the top of this cover or cap there is a 
conical seated valve, which is screwed in through the 
gland and stuffing box (/, by attaching a wrench at P. 

The valve and its seat are made of good nickel, as this 
metal is not easily oxidized. A wire electrode B, which is well insulated 
from the cover, extends into the shell and conducts the electric current 
for firing the charge of fuel, which is placed on a platinum dish or crucible 
(for solid fuels) supported by another wire A, attached to the cover on 
the inside. 




Fig. 223.—Complete Mahler apparatus. 


The complete Mahler apparatus is shown in Fig. 223, showing the 
cylinder of oxygen 0, the pressure gage M, and the calorimeter vessel P. 
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The end of the conical-seated valve (Fig. 222) is attached by means of 
pipe connections, preferably flexible, to the union U and to the valve 
W, which because of the high pressure should be opened slowly and 



Fig. 224. —Atwater’s fuel calorimeter. Fig. 225. —Emerson’s fuel 

calorimeter. 


carefully, and sufficient oxygen allowed to pass into the bomb to provide 
a considerable excess above that actually required. The pipes for 
connecting the bomb to the oxygen cylinder should connect also with 
a pressure gage as shown, so that the pressure in the bomb can be regu¬ 
lated. For the combustion of coal a sufficient volume of oxygen is 
admitted to Mahler bombs of the usual size to make the pressure in the 
bomb from 350 to 375 pounds per square inch. 
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‘‘The Mahler type of calorimeter is recognized as the iposfc complete and accurate 
apparatus of its kind. Where the engineer does not have this instrument or some 
other reliable calorimeter of similar construction, the heat units can be determined by 
sending samples to a testing laboratory where such instruments are used.” (Report 
of Power Test Committee of A.S.M.E., Mech. Eng., November, 1912, p. 1698.) 


A modification of the Mahler bomb calorimeter has been designed 
by Atwater^ (Fig* 224) and another by Emerson (Fig. 225). The 
former consists of the shell of the bomb A, the cap C screwed on numerous 
threads to the shell and holding down the cover B. Into the vertical 

neck of this cover a screw E, holding another 
screw F, is fitted and is to be turned down 
tightly,a lead washer serving as ‘'packing.'^ 
A small passage for the admission of oxy¬ 
gen from G is opened and closed as required 
by turning the screw F operating a needle 
valve. A wire II of platinum or other 
nonoxidizable metal passes through the cov- 




Fig. 226.—Apparatus for charging 
a bomb calorimeter with oxygen. 


Fig. 227.- 


-A pellet press for compressing 
samples of fuel. 


er B and is insulated from it by a collar of hard rubber. Another wire rod 
I is attached to the lower side of the cover and electrical connection is made 
between the two wires II and / by a small iron wire stretched betw^een 
them. A platinum crucible provided for receiving the fuel is supported 
by a ‘‘screw” ring. Ball bearings of hard steel are sometimes placed 
between the cover and the cap to reduce friction when screwing down. 
Holes located in the sides of the cap are for attachment of a long spanner 
wrench when turning dowm the cap. A hand-stirring device S is used for 
agitating the water in the vessel Q. 

The usual arrangement of the oxygen tank, pressure gage, and tubing 
for charging a bomb calorimeter is illustrated in Fig. 226. A pellet 
press for compressing samples of standard calorimeter calibrating mate¬ 
rials (page 222) into a suitable size to burn in the calorimeter crucible is 
shown in Fig. 227. 

' Atwater, Bull. 21, U. S. Dept. Agr. 
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Figure 225 shows another form of bomb calorimeter (Emerson) of 
which the Mahler is typical. It consists of a nearly spherical shell 
S, divided into two parts which are screwed together by the ring R, 
Powdered fuel is placed in the crucible C and is ignited electrically by the 
current passing through the water in the vessel Q from the terminal 
at Af then through an insulated contact point P in the bottom of the 
calorimeter to a small platinum or iron wire in the crucible C, which 
becomes heated by the passage of the current to a white heat, igniting 
the fuel. One end of this small wire is fastened to make electrical 
contact with the lining of the calorimeter, which in turn is connected 
electrically with the plug and terminal at B. 

The outer vessel 0 is to be filled with water to the top. The stirring 
device consists of small propellers P on a vertical shaft operated by a 
small electric motor M. 

The Emerson bomb is made of steel, with usually a lining of nickel, 
but gold or platinum lining is also used where heavy service is expected, 
because a nickel lining must be frequently renewed. There are two forms: 
the single valve, which is the one generally used, and the double valve, 
which has the advantage of being suitable for the removal of the products 
of combustion so that they may be analyzed. When samples of solid 
fuels having low volatility are to be tested, a small amount of naphthalene 
is put into the platinum fuel pan to act as a starter; and when this is 
done, a fuse wire of larger diameter is used than for ordinary service. 
For this bomb calorimeter, three types of ji^ckets are obtainable. Figure 
225 shows the regular jacket space filled with water. Another type of 
jacket is the so-called adiabatic^' kind (page 224), in which the jacket 
water is heated electrically at such a rate that the jacket-water tempera¬ 
ture is approximately the same as that of the calorimeter water. A third 
type has an enclosed jacket in which there is a vacuum, the construction 
being similar to that of an ordinary thermos bottle. It is plain that when 
the adiabatic'^ or the vacuum jacket is used the radiation effect is so 
small that, if the temperature of the calorimeter water is close to that of 
the room and the jacket at the beginning of a test, no radiation correction 
is needed. 

Method of Testing with Bomb Calorimeter. —In the testing of solid 
fuels, it is customary to use a l-grarn charge of the air-dried^ fuel sample. 


^ The Power Test Committee of A.S.M.E. recommends that the sample should 
be “air driedat 240 to 380°F. (sec p. 263), and that a similar “air-driedsample 
should be tested for moisture, so that the final result may be based on heat value per 
pound dry coal. Many chemists and engineers prefer to use a sample of coal powdered 
“as received’^ and determine the heat value per pound “as received.” The latter 
method does not give as accurate results as the former but slightly reduces the time 
required for making the calorific determination. 
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that is ground to such a size that it will pass through a 60-mesh^sieve. 
The sample of fuel to be tested is usually weighed in a flat-bottom plati¬ 
num tray, with an acid-washed and previously “ignited disk of asbestos 
paper interposed between the sample and the tray, the asbestos paper 
being used to avoid too rapid conduction of the heat of combustion and 
consequent incomplete combustion of the fuel. A fuse wire (preferably 
0.1 millimeter in diameter) of platinum^ wire is attached to the bomb 
electrodes so loosely that the middle part of the wire will dip down 
into the fuel in the platinum tray which rests on a platinum or a suitable 
alloy support provided for the purpose. 

The advantage of using the platinum wire is that it does not burn 
at the temperature developed in the bomb, where an iron wire is always 
completely burned and a correction, therefore, must be made for the heat 
that results from the burning of the iron wire. The wires used for produc¬ 
ing the combustion by electric heating called fuse wires should be of 
uniform length (about 2^ inches); and if iron wire is used, its length must 
be accurately measured and recorded, and its heat of combustion cal¬ 
culated. When the bomb is opened after combustion of the fuel sample, 
the fuse-wire residue (if iron) is weighed so that the amount used for 
kindling can be estimated. For every milligram of iron wire burned, 
1.6 calories are subtracted from the heating value of the fuel. 

The bomb should be carefully washed with distilled water, and the 
collected washings are to be titrated with standard ammonia solution 
(methyl orange or methyl red indicator being used) each cubic centimeter* 
of which contains 0.00587 gram of anhydrous ammonia, NHs. For every 
cubic centimeter of this standard solution used, 5 calories are deducted 
from the determined heating value. In addition to the foregoing cor¬ 
rections it is necessary to apply another subtractive correction amounting 
to 13 calories for every 1 per cent of sulphur that is contained in the 
fuel.^ 

After the platinum tray has been placed inside the bomb with the fuse 
wire dipping down into the sample of fuel, the cover of the bomb is 
screwed tightly to the bottom part, and the valve in the cup intended for 

^ A 60-mesh cloth (usually made of wire) is the trade name for a fabric that has 
60 meshes to the inch or, in other words, has 60 wires all in one direction in a 1-inch 
length. In other words, it has 60 X 60 or 3,600 meshes to the square inch. 

* Instead of the platinum wire, a pure iron wire No. 34 B. & S. gage may be used. 

The calorific value of pure iron is about 3,000 B.t.u. per pound, and iron wire No. 
34 B. & S. gage 1 inch long will generate in combustion 0.63 B.t.u. This is the size of 
wire generally used in calorimeter work. 

^ For explanation of this correction see Bur. Min^s, Tech. Paper 8, p. 30. 

^ The heat liberated in the formation of the acids is usually less than J per cent, 
which, of course, would be subtracted from the calorific value obtained. If the reader 
is interested, he will find the method explained with the necessary data in the H. 
Poole, “Calorific Power of Fuels,” p. 62. 
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the admission of oxygen gas is opened so that there is a flow of com¬ 
mercially pure 99 per cent oxygen^ into the interior of the bomb. 

The admission of oxygen gas to the bomb should be carefully watched 
to be sure that the gas does not enter too rapidly. Too quick entrance of 
the gas into the calorimeter is likely to blow some of the fuel dust out 
of the platinum tray and thus prevent the combustion of all of the sample. 
The next step is to put into the calorimeter bucket distilled water of the 
same weight that is used in determining the heat or water equivalent of 
the calorimeter. The temperature of the water^ is to be adjusted so that, 
after combustion has taken place, the temperature of the water will not 
be more than 0.5°C. above that of the jacket water. The proper tem¬ 
perature difference to allow is best determined by experiment and for 
most of the commercial types of fuel calorimeters should be about 3°C., 
varying somewhat with the size of the calorimeter. When water of the 
required temperature has been placed in the calorimeter bucket, the bomb 
is placed in the water after the necessary electrical connections have been 
made. The next step in the arrangements for the test is to put in place 
the stirring device and the jacket cover, after which the calorimeter 
thermometer is set up in its proper position. Where the fuel calorimeter 
does not have an adiabatically controlled auxiliary water jacket or a 
vacuum-bottle jacket, precautions must be taken to be sure that the 
outside surface of the water container and also the walls of the *'air^^ 
jacket are dry. Since these walls are approximately 3°C. warmer than 
the calorimeter, any moisture condensed there will evaporate and give 
up its latent heat of vaporization. A small amount of water evaporated 
in this way may introduce quite a large error in the results. 

Specimen Test of Heat of Combustion of Solid Fuel. —The data in 
Table XV are taken from a test of solid fuel given in the A.S.M.E. Power 
Test Code on Heat of Combustion (Series, 1932, Part IX) to illustrate the 
method of calculating the heat of combustion (higher value, pages 243 
and 311) from bomb-calorimeter readings. 

Parr Calorimeter. —It is not always convenient to secure a supply 
of oxygen under pressure for use in a Mahler bomb, and consequently 
another type of fuel calorimeter, known as Parras, using a chemical 
(sodium peroxide) as the source of oxygen, has found considerable use, 
especially for relative determinations in power plants. The results 
obtained can scarcely be depended on to be as accurate as determinations 

^ The oxygen gas must obviously be free from any combustible gas which, in burn¬ 
ing, would add its heat to that generated by the combustion of the sample of fuel. 

* It is difficult to obtain water at the exact temperature required, so that a con¬ 
venient method in this case is to pour into the calorimeter bucket the required amount 
of water at a slightly higher temperature than that desired and to make the adjust¬ 
ment for the exact temperature by holding a small piece of ice in the water and stirring 
it with a thermometer used to observe the temperature. 
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Table XV.— Method op Calculating from Calorimeter Readings^ 

Sample No.Weight of coal, 1.0012 gram. Weight of water in calorimeter 

vessel and water equivalent of calorimeter, 3,000 grams. 



Readings, 

Time, 

Degrees 


P.M. 

Centigrade 

1:54 

23.874\ 


1:55 

1:56 

23.879! 
23.885( 

+ 0.0058* rate of change in preliminary period 

1:57 

23.892/ 


1:58 

23.8971 

+-a 0.0058 
+6 0.0027t 

l:58i 

24.16o| 

-1-aO. 00491 
+6 0.0014 

1:59 

25. 4301 

-fa 0.0008 
-a 0.0006 

1:60 

26.28o| 

~a 0.0020 
-b 0.0023 

2:01 

26. 4391 

-a 0.0025 
-6 0.0026 

2:02 

26.463] 

—a 0.0026 
-6 0.0026 

2:03 

26.460] 

—a 0.0026 
-6 0.0026 


0.0066 algebraic sum, in degrees Centigrade, of radiation loss. 

a Computed rate per minute of temperature chanKe of each reading. 

h Temperature correction for heat loss during each interval. 

1 This is the method recommended by the A.S.M.E. and is based on that described in Bur. Mines 
Tech. Paper 8. The U. 8. Bureau of Standards method may be used if preferred. This is given in the 
American Society for Testing Materials book of standards for the year 1930, p. 724. 

* The reading 23.874®C. taken at 1:54 p.m. is the first reading of the preliminary period. The tem¬ 
perature reading 23.897®C. is the last reading of the preliminary period and was taken at 1:58 p.m., 
4 minutes after the first reading; hence 23.897 — 23.874 or 0.023°C. is the total change in temperature 
during the preliminary period; also 0.023 divided by 4 or 0.0058°C. is the rate of change per minute 
during the preliminary period. 

t The temperature correction for the heat loss by radiation during the half-minute readings is made 
by dividing the algebraic sum of the rates by 4, and for the minute readings the algebraic sum is divided 
by 2, because the temperature correction for heat loss during each interval is the mean rate per minute 
of temperature change multiplied by the time of the interval in minutes. For example, at 1:58 p.m., 
the rate per minute of temperature change is -H0.0058®C., and at 1:58i the rate per minute of tempera¬ 
ture change is -1-0.0049°C. Therefore, the mean rate per minute of temperature change for the 
half-minute interval is [0.0058 + (+0.0049)1 2 - 0.0054®C; and i X (+0.0054) « +0.0027®C. is 

the correction for radiation heat loss taking place during the half-minute interval. 

t The change in rate per degree of temperature change in the combustion period is 0.0084 2.564 or 

0.0033®C. The change in temperature during the first half minute of the combustion period is 24.160 — 
23.897 or 0.263®C., and 0.263 X 0.0033 «■ 0,0009®C., which is the change in rate during the first half 
minute of the combustion period; also 0.0068 — 0.0009 » 0.0049®C., which is the rate of temperature 
change for the reading at 1:68i p.m. The rate of change for each succeeding reading during the combus¬ 
tion period is calculated in the same way. 
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Table XV.—Method op Calculating from Calorimeter Readings (Continued) 


2:04 

26.463 

2:05 

26.460 

2:06 

26.458' 

2:07 

26.455| 

2:08 

26.454 

2:09 

26.450 


26.463 — 26.450 -i- 5 or 0.013 h- 6 = 0.0026§ is rate of change in 
final period, degrees Centigrade 


Temperature, Degrees 


Centigrade 

Beginning. 26.463 

End. 23.897 


Observed temperature changes. 2.566 

Thermometer correction. 0.002 

Stem correction. 0.000 

Radiation loss. 0.0066 


2.5706 

Water and heat equivalent of calorimeter, grams (see p. 222) 3000 


Total heat developed, calories. 7,711.81[ 

Correction (see calculation below). 40.3 


Heat developed by combustion of sample, calories. 7,671.5 

Heat developed by combustion of 1.0000 gram of sample, 

calories (higher value, p. 311). 7,662.3 

Heat developed by combustion of 1 pound of sample, B.t.u. 13,793.0 

Calories 

Wire burned = 11.2 mg. = 17.9 

Titrating solution (1 c.c. = 5 cal.), 2.5 c.c. (p. 231) =12.5 
Sulphur (0.01 gram = 13 cal.), 0.0074 gram = 9.9 


40.3 

Room temperature. 24°C. 

§ The rate of change per minute in the final period is — 0.0026°C. 

II The change in rate during the combustion period is 0.0058 — ( — 0.0026) or 0.0084°C. The 
observed change in temperature during the combustion period is 2.664°C. 

If The algebraic sum of jill the terniierature corrections for heat loss during eatdi interval is added to 
the observed temperature change after corrections have been made for the errors and stem correction of 
the thermometer. This number when multiplied by the heat equivalent or water equivalent of the 
whole apparatus including the water used gives the total heat developed in the combustion. 

with one of the bomb type.^ Figure 228 shows one of the latest designs 
of the Parr calorimeter. 

For accurate work with a Parr bomb calorimeter, it is essential that 
the sodium peroxide should be kept free from moisture, as this chemical 

^ The accuracy of the determinations depends very much on the chemical purity 
and dryness of the sodium peroxide. If it is absolutely pure and the apparatus is 
handled with skill, it is possible to get results comparable with the bomb types. 
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absorbs water readily. The effect of water absorption by sodium 
peroxide is to give too high a temperature rise in the calorimeter.^ 

The bomb is fitted with removable propeller blades W which act as 
a convenient stirring mechanism. The cover which has a long stem L 
contains one of the electrodes J for electric ignition. 
‘ This cover is screwed down on the bomb by the nut 

F which bears on an intervening gasket (?. The long 
stem of the bomb cover is set up sufficiently high so 
that a driving pulley P can be attached to the top out¬ 
side the calorimeter, and it may be revolved by a suit¬ 
able electric motor which will revolve the bomb with 
its attached stirring blades on the pivot F (Fig. 229) 
at about 150 revolutions per minute. 

Formerly the Parr bomb calorimeter was made 



Fig. 22S.—P a r r 
calorimeter for elec¬ 
tric ignition. 


Fig. 229.—Parr fuel calorimeter 
showing stirring device. 


with a hollow stem on the cover in which there was a valve at the bottom 
(Fig. 230). By this arrangement, a piece of heated iron could be dropped 
through the valve M for the ignition of the mixture of solid fuel and sodium 
peroxide. 

An important precaution in the use of this calorimeter is that the 
moisture of this solid fuel and sodium peroxide should be thoroughly 
mixed. To accomplish this, the Parr bomb, as now made, is furnished 


^ Sodium peroxide must always be handled carefully, as it may react at ordinary 
temperatures in the presence of moisture to injure any kind of organic matter and 
may also develop enough heat to produce combustion and sometimes explosions. 
Because of this danger of explosion, unburned mixtures of fuel and sodium peroxide 
that must be disposed of should be slowly and carefully poured into water and should 
not be thrown into waste receptacles or ash cans. This chemical causes painful burns 
if it comes into contact with the skin. 
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with a false cover. The mixing is done by screwing in place the false 
cover and then shaking the bomb very thoroughly. After the shaking 
process, the bomb should be given a sharp tap on a hard surface at the 
bottom to disengage any part of the combustible mixture that might 
adhere to the false cover. After this mixing, the nut of the bomb is 
unscrewed so that the false cover may be removed and the 
proper cover with its long stem L put in its place. A 
charge for the bomb consists of about 0.002 to 0.004 pound 
of pulverized coal from which the moisture has been driven 
off by warming for about an hour at a temperature of 
about 240 to 280°F. and eighteen times as much by weight 
of sodium peroxide, which supplies the oxygen needed for 
combustion. Reactions produced by combustion are com¬ 
plex, as the products of combustion CO2, H2O, SO2, SO3, 
etc., combine with some of the Na202 or Na20 to form 
Na2C03, NaOH, Na2S04, etc. The cover must be attached 
very securely by turning up the nut with a long wrench 
while the bomb is held in a vise or in some similar manner, 
because there is a violent explosion when ignition takes 
place. 

When the hot-wire method (Fig. 230) is used, the wire 
must be put into the tube in the long neck L, the cap R at 
the top must be struck quickly with a mallet in order to 
open the valve M, which opens inward into the bomb and 
permits the wire to fall through before it cools. To be 
certain of obtaining a good result, the wire should be 
heated almost to a white heat, and the coal should prefer¬ 
ably be put into the bomb after the sodium peroxide. 
The rise of the mercury in the thermometer will indicate 
when an explosion has occurred. 

The water equivalent of the calorimeter is determined 
Parr ^ Same way as for other fuel calorimeters. The recent 

hot tube igni- designs of the Parr bomb calorimeter are so standardized 
in detail that each one has a constant water equivalent 
value of 3,100 grams. For a most successful operation, it is recommended 
that the water in the calorimeter at the beginning of a test be about 
0.02°C. below that of the room. The preliminary temperature observa¬ 
tions to determine the initial radiation rate as for other bomb calorimeters 
is explained on page 233. 

The temperature rise during the period when the radiation rate is 
being determined should not exceed 0.01 to 0.02°C. per minute. It may 
usually be assumed that, if the temperature rise during this period is 
considerably more rapid or is irregular, there is likely to be leakage in the 
bomb. In case such leakage is discovered, the bomb should be imme- 


N 


mm 


'M 
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diately removed from the water in the calorimeter and emptied as rapidly 
as possible in order to avoid an explosion. Under satisfactory conditions, 
the temperature of the calorimeter water rises rapidly during combustion 
and reaches its maximum reading usually after about 2 minutes, after 
which the readings should be continued for 5 or 6 minutes to obtain the 
final radiation rate. 

The bomb is next removed, dried, and opened. The inner cup C 
with its contents is then placed in a large vessel containing about 500 
cubic centimeters of water in which the cup should remain until all the 
fused peroxide is dissolved. It should then be removed, cleaned, and 
dried. The alkaline solution in the larger vessel should be tested for 
unburned carbon. This alkaline solution is acidified so that the black 
flakes of iron and copper oxide disappear, and the solution turns yellow 
with only the unburned carbon in suspension. The amount of this should 
be determined by filtration, drying, and weighing. A subtraction of 
8.1 calories must be made for each milligram of unburned carbon. The 
usual 'procedure, however, is to examine the bomb contents by eye and to omit 
the carbon-residue determination if none appears to be present upon such 
examination. 

Allowance must be made in the calculations for the heat generated by 
the chemical reactions of the sodium peroxide, which for the proportions 
given for a charge is approximately 27 per cent of the heat generated. 

Example Illustrating Calorific Determination with Parr Calorimeter.— 
In the following example the calorific value of a sample of powdered coal 
weighing 0.0040 pound, containing 1.3 per cent moisture and 6.7 per cent 
ash, is calculated directly in British thermal units per pound of fuel. 


Weight of sodium peroxide. 

Weight of water. 

Water equivalent of bomb. 

Total equivalent weight of water. 

Temperature rise. 

Total heat generated, 7.413 X 10,2. 

Heat due to combustion of iron wire (see p. 231)... 
Heat due to coal alone (75.G1 — 1.11)(1.00 — 0.27) 

Heat value per pound coal as fired. 

Heat value per pound dry coal. 

Heat value per pound combustible. 


0.072 pound 
7.160 pounds 
0.253 pound 
7.413 pounds 
10 2°F. 

= 75.61 B.t.u. 
1.11 B.t.u. 

= 54.39 B.t.u. 


54 39 

676640 = 13,598 

= 13,780 B.t.u. 


Parr gives the following additional corrections to be applied to a given 
test in order to insure highest accuracy. Since the present commercial 
form of this calorimeter has a standard water-^equivalent value, these correc¬ 
tions may be expressed in terms of temperature. The total corrected 
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temperature rise is first to be multiplied by 0.73; next apply the following 
deductions: 


Percentage ash is multiplied by. 0.0025 

Percentage sulphur is multiplied by. 0.0050 

For 1 gram (0.002205 lb.) KClOa deduction equals. 0 1600 

Hydrogen factors: 

For all bituminous coals. 0.0400 

For black lignites. 0.0560 


Determination of Heating Value of Liquid Fuels with Bomb Calorim¬ 
eter. —^Liquid fuels of low volatility, such as fuel oils, may be tested 
for heating value in a bomb calorimeter by being burned in a tray or 
crucible in the same way that coal is handled. For the reason that 
the heating value of most liquid fuels is high, it is usually best to use, 
especially in the case of oils, samples that weigh about 0.8 gram, instead 
of 1.0 gram, as in the case of solid fuels (page 230). The weighing of the 
samples should, of course, be accurate, with determinations to the nearest 
0.1 milligram. Quartz-glass crucibles^ are recommended by the Power 
Test Committees of the A.S.M.E., to be used instead of platinum trays 
for the determination of the heating values of samples of oil. 

If the liquid fuel that is to be tested for heating value has high volatil¬ 
ity, such as gasoline or alcohol, it is very difficult to get satisfactory 
determinations if these liquid fuels are burned in a tray or crucible in a 
bomb calorimeter, the difficulty being that accurate weighing of these 
highly volatile liquids is almost impossible. The best method in this case 
is to use a small glass bulb having a capacity of about 2 cubic centimeters 
and a capillary stem about 3 centimeters long. This glass bulb should 
have very thin walls. After it is weighed, it should be gradually heated 
to expel a large part of the contained air. While the bulb is still warm, its 
capillary tip should be dipped down into the sample of liquid to be 
tested for heating value, and then the bulb should be allowed to cool in 
this position. After cooling, a sufficiently large sample of the liquid fuel 
will be drawn into the bulb, which may then cool in this inverted position. 
The capillary tip of the glass bulb must be closed by touching it to a hot 
flame. The bulb and the enclosed sample of liquid fuel must then be 
again weighed. The difference between this weight and that of the empty 
bulb gives the weight of the sample. The combustion tray is next 
placed in its proper place in the bomb calorimeter with the usual length of 
platinum or other fuse wire dipping into about 0.02 gram of standard 
naphthalene (page 224). The naphthalene is used as a quick-combustion 
means of breaking the glass bulb and igniting the sample of oil. The heat 

i A wide-form crucible of quartz glass having a capacity of about 5 cubic centi¬ 
meters may be conveniently used. 
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of combustion as determined in this way must be corrected by subtracting 
from it the heat that is generated by the burning of the naphthalene.^ 
This procedure is generally considered rather difficult, and consistently 
accurate results are not easy to obtain. 

Calorimetric Determination of Heating Value of Gases.—The 
heating value of gases is usually obtained with a type of calorimeter 


which provides a constant-pressure flow both 
of the water for the cooling medium and of the 
gas to be tested. The essential equipment for 
this kind of testing consists of the constant- 
flow calorimeter, a laboratory type of test gas 
meter, a gas-pressure regulator to provide gas 
at constant pressure, accurate calorimeter 
thermometers, a suitable burner that will give 
perfect combustion of the gas, and a simple 
hygrometer (with wet- and dry-bulb thermom- 




Fig. 231.—Junkers calorimeter with auxiliary apparatus. Fig. 231a.—Section of Junkers 


calorimeter. 


eters). For determining the heating value of a gas, the Test Code of the 
A.S.M.E. recommends the use of ‘^one of the many modified forms of the 
Junkers flow calorimeter.” The original Junkers calorimeter, shown in 
Figs. 231 and 23la, received first mention in the list of approved apparatus 
for this kind of testing. 

Junkers Calorimeter for Gases.—Apparatus for determining the 
calorific value of gases are shown in Figs. 231a and 232. The gas flowing 
in a pipe at the left (Fig. 231) passes through the meter A, then through 
the regulator B, and is burned in a type of Bunsen burner C in the lower 

^ The heat of combustion of naphthalene is explained on p. 222. If an iron fuse 
wire is used, correction must be made for its combustion as stated on p. 231. 
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part of the calorimeter. This instrument consists of a cylindrical copper 
vessel through which water is constantly circulating. The gases from the 
Bunsen flame in the calorimeter pass up through the hollow central portion 
of the instrument and near the top are deflected downward through a group 
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Condensate breaker' 

Fia. 232.—Sargent type constant-pressure calorimeter. 

of small tubes arranged in an annular ring between the outside and inside 
walls of the calorimeter.^ Around these tubes water is kept circulating 


1 A modification of Junkers calorimeter is made by the American Meter Company 
of New York and Philadelphia. In principle it is exactly the same as the one described 
but is much improved in mechanical construction, the greatest advantage being 
that the nest of small tubes can be readily removed for repairs. In the original design 
removal for repairs is difficult if not almost impossible. The ** American ” type is used 
exclusively by the U. S. Bureau of Standards, which is a sufficient guarantee of 
reliability. 
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continuously to absorb the heat generated by burning the gas tested. 
After leaving these tubes, the products of combustion discharge first 
info a chamber 31 (Fig. 231a) and then into the air through the flue D. 
In order to keep the flow of water as regular as possible, it is brought from 
the supply pipe G into a small reservoir in which the water is kept at a 
constant level (constant head) by means of an overflow pipe H. The 
water supplied to the calorimeter passes down through the pipe 6, through 
a valve at I, and discharges at K, running into a vessel in which it is 
weighed. A graduated tube Q (Fig. 231) is provided to collect the 
moisture from the steam that is condensed. The condensed steam col¬ 
lects in the combustion chamber 31 and escapes through the tube 35. A 
thermometer N, in a cup near the valve I, indicates the temperature of 
the water entering the calorimeter, and one at M shows the temperature 
of the water leaving. The temperature of the products of combustion 
(burned gases) is indicated by the thermometer 0 in the gas flue. The 
calorimeter is provided with an air jacket and is covered with sheets of 
copper, nickel-plated and highly polished, so that the radiation loss is 
considered negligible. If, then, the flow of water and the rate of burning 
the gas are regulated so that the temperature of the products of com¬ 
bustion as indicated by the thermometer at 0 is the same as the tem¬ 
perature of the air surrounding the calorimeter, practically all the heat 
generated by the burning gas is absorbed by the water. The rise in 
temperature of the water is observed by reading the thermometers at N 
and M. 

Now if the temperatures of the water at the inlet and at the discharge 
have been observed and the weight of the water flowing has been deter¬ 
mined while, for example, a cubic foot of gas has been burned, then the 
difference in temperature in degrees Fahrenheit times the weight of 
water in pounds gives the heat value in British thermal units per cubic 
foot of gas. This is called the higher heat value of the gas. 

The Sargent modification of the Junkers constant-pressure flow 
calorimeter, shown in Fig. 232, has rapidly been coming into engineering 
service. It is one of the modified designs of the Junker type that is 
recommended by the A.S.M.E. The description going with Figs. 231 
and 231a should make the operation of the Sargent apparatus sufficiently 
clear, so that no additional explanation is needed. 

Results of calorific determinations of a gas should be stated in a 
report as calculated in heat units per cubic foot of gas for the standard 
conditions of pressure and temperature. The A.S.M.E. has favored 
the adoption^ of 29.92 inches of mercury pressure and 68°F., while chem¬ 
ists and European engineers use as standard 29.92 inches (760 milli¬ 
meters) of mercury pressure and 32®F. (0°C.). This conversion can be 


^ Jovr. A,S,M.E., December, 1924, p. 923. 
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readily made because the volume of the gas is directly proportional to 
the temperature. 

For some calculations relating to the efficiency of heat engines it is 
desirable to know the number of heat units representing the calorific 
value of the gas when the steam formed in the combustion is not con¬ 
densed but is carried off with the products of combustion as is the case 
in practice. To determine this value, sometimes called the lower 
heat value of the gas, the heat of evaporation at atmospheric pressure^ of 
the weight of condensed steam collected in the Junkers calorimeter must 
be subtracted from the value obtained by multiplying together the rise 
in temperature and the weight of water used. This correction is usually 
about 5 to 10 per cent, having, as a rule, the smaller value for producer 
gases with high percentages of carbon monoxide. 

When thermal efficiencies of gas engines are calculated, it should 
always be clearly stated whether the “ higheror the ''lower heat value 
of the gas has been used. In all the codes of the A.S.M.E. the ‘'higher’' 
heat value has the preference, but this is not by any means the generally 
accepted practice. 

This apparatus, although it operates by a constant-pressure method, 
gives very satisfactory determinations. Radiation loss is small and is 
neglected. Since tests with this apparatus are started when all parts 
are already heated normally, no water equivalent (page 222) is taken into 
account. If the temperature of the discharge gases is not the same as 
that of the air supplied, the results will be in error but the amount of 
this correction (see table on page 246) and the methods of computing even 
its approximate value are uncertain. For this reason the temperature 
of the discharge gases should be regulated carefully and not more than 
2 or 3°F. difference should be permitted between the temperature of 
these gases and that of the air supplied. Often it is necessary to open the 
windows of laboratory rooms to secure the proper temperatures. Tem¬ 
peratures of the water should be practically constant before a test is 
started. 

As the Junkers calorimeter is ordinarily operated, it does not deter¬ 
mine accurately the higher heating value even if all the precautions 
stated have been observed, because an excess of moisture above that 

^ This correction can be computed with greater accuracy in terms of the following 
symbols: w = weight of moisture in gases, in pounds, hg — the total heat of saturated 
steam at pressure and temperature of condensation, h = temperature of condensed 
steam, in degrees Fahrenheit, i' = temperature at wliich condensation takes place, 
U ~ temperature of the gases discharged from the calorimeter, = average specific 
heat of steam from < 2 ° to ti° (about 0.46), Cu, = average specific heat of water from 
32® to ^ 2 °; then, heat lost by gases, in B.t.ii., in condcmsation of water vapor Qi') = 
w[H ■— — 32) C «(<2 — t’)]\ then if C«, = 1, and in a different form, h' — Qig — 

Cai' -f 32 ~ <1 — Cgtijw. Now the term hg — Cgt' has the approximately constant 
value of 1057 for a wide range of values of so that = (1089 — <1 + 0.46<2)W'. 
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which came in with the air goes off in the discharged gases. The only 
way to eliminate this error is to supply gas and air that are saturated with 
moisture. The calorimeter will then give the true higher^' heating 
value, because all the moisture resulting from the combustion of hydro¬ 
gen will be condensed and will give up its latent heat. When a wet-gas 
meter is used, it may be assumed that the gas is saturated as it comes to 
the apparatus. The obvious way to eliminate this error is to supply air 
which is also saturated. A convenient design is to connect the closed 
top of a cylindrical vessel about 2 feet high and 5 inches in diameter 
by a 1-inch rubber tube to the bottom of the calorimeter, which, except 
for the opening for this tube, has been made air-tight. The cylinder 
is provided with a water-waste cock at the bottom. Several trays 
covered with coke are placed inside the cylinder, which is perforated 
with a number of half-inch holes around the perimeter near the bottom 
for the admission of air. A water jet discharges from the top of the 
cylinder and the water trickles down over the coke as the air enters 
at the bottom and passes up to the air pipe leading to the calorimeter. 
By this method air is thoroughly saturated and not only more accurate 
but also much more consistent results for the higher heat values are 
obtained. Obviously, this humidity correction has no effect at least 
in the theory of combustion on the lower heat values, as they are cal¬ 
culated for the condition when all the water vapor due to combustion 
leaves in the discharged gases. This is one reason why many engineers 
prefer to base calculations of thermal efficiency on the ^4ower^' heat 
values. 

The error due to humidity can, however, be calculated approximately 
and the results correspondingly corrected. Moisture carried in the air 
can be determined by a wet- and dry-bulb thermometer (see page 186) and 
then, if it is assumed the discharged gases and the gas burned are satu¬ 
rated, the excess of condensation carried away in the discharged gases is 
readily calculated since the weight of the gases can be determined by a 
laborious calculation involving the computation of the weight of air 
supplied, which must be obtained from the analysis of the products of 
combustion (discharged gases). 

The ‘Hest’^ gas meter (Fig. 231) used for measuring the amount of gas 
used must, of course, be calibrated for important tests, preferably by 
means of a standard fractional cubic-foot bottle. A one-tenth or a 
one-twelfth cubic-foot bottle should be used, depending on the scale of 
the gas meter, that is, whether one revolution of the pointer over the 
dial is one-tenth or one-twelfth of a cubic foot. The fractional cubic-foot 
bottle consists of a metal globe provided with glass tubes, one at the top 
and another at bottom, each with a gage mark so placed that the volume 
included between the gage marks is exactly one-tenth or one-twelfth of a 
cubic foot, as the case may be. The glass tube at the top of the metal 
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globe has a three-way cock, one branch of which is connected to the gas 
supply and the other to the meter being tested. The lower glass tube is 
connected by a rubber tube to a reservoir containing water. Two shelves 
are provided by this reservoir, so that, when it rests on one, the water 
level will coincide with the gage mark on the bottom glass tube and, when 
it rests on the other, higher shelf, the water level will coincide with a mark 
on the glass tube at the top of the metal globe, the gas in the bottle and its 
connections being at all times at atmospheric pressure. 

In the calibration of the gas meter with the standard fractional cubic- 
foot bottle, the following points should be noted: (1) The meter must be 
level, as will be shown by the leveling device provided. (2) The lower 
meniscus of the water level (page 4), as shown in the gage glass, must 
be at the marked level. (3) Determine next if the shelves provided 
for receiving the testing reservoir'^ are of the right height so that 
the water level in the glass tubes coincides with the marks on these 
tubes (when pressure is atmospheric). (4) It is necessary that the water 
with which a test ” gas meter is partly filled and the water in the standard 
fractional cubic-foot bottle should be completely saturated with gas 
before the meter is used to measure the flow of gas for a calorimetric deter¬ 
mination. (5) The water in the gas meter and in the standard fractional 
cubic-foot bottle must be at approximately the same temperature. 

"J^he following procedure is suggested for the calibration of the gas 
meter: (1) Connect one branch of the three-way cock to the gas meter, 
the other branch to the gas supply line, and attach a gas burner to the 
outlet pipe of the gas meter. (2) With the standard bottle containing 
some gas and connected to the meter, test for leakage by closing the 
meter outlet and raising the reservoir so as to place the gas confined in 
the standard bottle at a pressure of about 2 inches of water above atmos¬ 
pheric. The water level should be at the mark on the top glass tube; 
and if after 5 minutes the water level has not changed appreciably, the 
system is tight. (3) Bring the gas-meter pointer to zero by passing 
sufficient gas from the bottle and then connect the bottle to the gas 
supply. (4) Fill the bottle with gas to the lower gage mark, and discon¬ 
nect the rubber gas-supply tube to bring the pressure within the bottle to 
atmospheric. This should not change the level at the lower gage mark. 
(5) Connect the bottle to the meter, raise the ‘^reservoir'’ to the elevated 
position (top shelf), and allow the gas to discharge through the meter 
till the water level reaches the top gage mark. When this mark is 
reached, the meter reading should be accurately observed and recorded. 
Refill the bottle and displace the gas alternately, as described several 
times, noting for each case temperatures of room, water in meter, and in 
bottle. 

If during the passage of gas through the meter the pressure at the 
inlet is appreciably above atmospheric, the volume passing through it 
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will be smaller than that measured by the bottle. Usually, the correction 
for such pressure is negligible. 

Precautions in Use of Constant-pressure Flow Calorimeter. —The 

temperature of the water flowing through the calorimeter should be 
kept constant and should not vary more than 2®F. from that of the room. 
A good arrangement is to have available a large tank of water in the 
calorimeter room which can be kept standing in the room for some time 
before tests are to be made. The room temperature should not be subject 
to any considerable variations, usually not more than 2°F. Since the 
gas and air supplied to the calorimeter burner will be at room tem¬ 
peratures, variations in temperature lead to inaccuracy. 

The combustion of the gas burned in the calorimeter must be complete. 
If the completeness of burning is doubtful, the products of combustion 
must be tested for the presence of carbon monoxide, CO, of which there 
should not be more than a trace in a satisfactory test. 

In gas calorimetry, it is customary to take temperature observations 
in degrees Fahrenheit in distinction from calorimetry work with solid 
fuels, where the temperatures are in degrees Centigrade. 

Sufficient time must be allowed for the calorimeter conditions to 
come to equilibrium before a test is started. With gas burning and 
water flowing at the normal test rate, this will require from 5 to 30 
minutes, varying with the type of calorimeter. This time of waiting for 
constant conditions must be found out from actual tests. 

Calorimeter thermometers should be calibrated and graduated for an 
accuracy of 0.1°F. 

Before a calorimetric determination on a sample of gas is made, the 
gas meter should be checked as to (1) level of meter; (2) water level; 
(3) saturation of water, with the kind of gas to be tested; (4) absence 
of leaks of gas, freedom of gas remaining from previous test. 

The water flow through the calorimeter should be started a little 
while before the test begins, so as to rcnK)ve any air that might be 
trapped in the water circulating system of the calorimeter. The water 
supply of the calorimeter should be adjusted to give a temperature rise 
due to combustion of the gas of from 15 to 20°F. 

Gas-pressure Regulator. —In the use of a gas calorimeter, it is 
necessary to use a suitable device for maintaining a constant pressure of 
the gas supplied for combustion. A suitable apparatus of this kind is 
shown in Fig. 233, which,, in its essential parts, is similar to a gasometer 
(page 189). This gas regulator has a conical valve V at the end of a long 
vertical valve stem >S, which is connected to the center of the dome D of 
the water-sealed drum. The position of the conical valve, with relation to 
its seat, is controlled by weights which are placed over the extension of the 
valve stem in such a way that they counterbalance the buoyancy of 
the drum. Any rise in pressure of the gas supplied to the regulator 



246 


POWER PLANT TESTING 


Table XVI.— Heating-value Test Record^ 

Place: Date: Time: Kind of gas: 

Gas meter No. Thermometer No.: Inlet. Outlet. 

Gas line purged: (Yes) Meter adjusted: (Yes) Leak test: (Yes) Water-valve setting: 
.Calorimeter damper closed (Yes) 

Differential thermometer correction determined: (date) Last meter calibration: (date) 


Start End 


Temperature of barometer, °F. 68 68 

Barometer reading, in. mercury. 29.50 29.50 

Temperature correction of barometer (p. 4). — . 10 

Corrected barometer height, in. mercury at 32®F. 29.40 

Pressure of gas at meter, in. water. 1.5 

Equivalent pressure, in. mercury. 0.11 

Total gas pressure, in. mercury. 29.51 

Meter therm, reading, °F. 68.1 | 68.3 

Calibration correction, °F. —0.3 

Average corrected meter temperature, °F. 67.9 

Temperature and pressure reduction factor F of meter (to standard 

conditions 2. 0.986 


\ dry-bulb temperature, °F. 
P«ychromcter temperature, “F. 

Humidity, relative (pp. 186 and 442). 


68.0 68 5 

53.0 53.0 

35% 


Temperature of products of combustion. 

Time of 1 meter revolution, sec. 

Equivalent rate of meter, cu. ft. per hr.. 


Test 1 Test 2 Test 3 

Inlet Outlet Inlet Outlet Inlet Outlet 

67.94 86.54 67.93 86.40 67.90 86.40 

Preliminary. 86.50 . 86.45 . 86.45 

86750*. 86.49*. 86.48* 

86.43 . 86.40 . 86.40 

86.36 . 86.43 . 86.39 

86.43 . 86.47 . 86.43 

86.54 . 86.50 . 86.49 

Used in averaging. 67.93 86.49 67.93 86.50 67.90 86.52 

86.50 . 86.41 . 86.50 

86.50 . 86.40 . 86.40 

86.47 . 86.48 . 86.42 

86.40 . 86.38 . 86.45 

. 86.49 . 86.41 . 86.46 

67.93 86.36 67.92 86.41 67.90 86.47 


Supplementary 
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Table XVI.— Heating-value Test Record {Continued) 



Test 1 

Test 2 

Test 3 


Inlet 

Outlet 

Inlet 

Outlet 

Inlet 

Outlet 

Average temperatures, °F. 

67.93 

86.46 

67.93 

86.45 

67.90 

86.45 

Calibration eorreetion of thorn., ®F. 

-0,18 

-0.25 

-0.25 

-0.25 

Differential thermometer correction, 
OF 

-0.02 

-0.18 

-0.02 

-0.18 

-0.02 

Emergent stem correction of ther¬ 
mometers, ®F. 


+0.08 

86.27 

+0.08 

86.26 

+0.08 

86.26 

Corrected temperatures, °F. 

67 76 

67.76 

67.72 

Temperature rise T, ®F. 

18.52 

18 

.61 

18 

.54 

Water heated W, lb. 

6.74 

6.74 1 

6 

.72 

Number of revolutions of meter. 

Meter calibration 1 revolution, cu. ft. 
Gas volume V, cu. ft (0.1006 X 2). . 

2 

0.1006 
i 0.2012 




Total Heating Value of Gas 

Observed heating value 

U/ 7’ 1 1 


Y pi B.t.u. per cu. ft. 

629 

629 

628 

C>)rreetion for atmospheric hiiniidily 
Total or higher healing value of gas. 

+4 

+4 

+4 

B.t.u. per cu. ft. 

6331 

6331 

6321 


Average of heating value from three tests 633 B.t.u. per eu. ft. (std. conditions of 


_ 68°F., 29.92 in.) _ 

Net or I^wer Heating Value of Gas 
C^.ondensed water collected: 

Calibrations 
No. 1 No. 2 

Meter reading: start. 18.1 19.4 

end. 19.1 20.4 

Condensate cubic ceiitiineters. 21.6 21.2 

C./ondensate (c.c.) per cu. ft. of gas at 68‘’F., and 29.92 in. (std. 

conditions). 21.8 21.4 

Average condensate per eu. ft. (A), c.c. 21.6 

Observed heating value average. 629 

Reduction to net {A X 2.265)§. —49 

Net or lower heating value of gas B.t.u. per cu. ft. 580f 


* Data sheet (somewhat abridged) suggested by the U. S. Bureau of Standards. 

2 Standard conditions of temperature (68®F.) and pressure (29.92 inches) are computed from the 
equation: 


Correction factor F •• 


{P - E) X (68 + 469.6) 


(£ + 459.6) X (29.92 - 0.69) 
where P =■ total (absolute) gas pressure in inches of mercury. 

B •“ vapor pressure of water at t®F., in inches of mercury (see table, p. 693). 
t ** temperature of gas, in degrees Fahrenheit. 

* Readings of temperature taken every 10 seconds. 

t Loss of heat to surroundings may usually be neglected. Its magnitude depends on the design of 
the calorimeter, the rate of gas consumption, and the rise in temperature of the water. It is usually 
from i to i per cent and is, of course, always additive. 

t To convert to heating value of saturated gas at 60®F. and a barometric pressure of 30 inches of 
mercury (at 32®F.), multiply by the factor 1.0240. 

§ Heat of evaporation, hfg, of water at the temperature (67.9®F.) and partial pressure at which the 
gas was tested is 1.064 B.t.u. per pound (p. 693) or 2.266 B.t.u. per gram or per cubic centimeter (c.c. 
of water). 

As stated by Dalton’s law there is in every “mechanical” mixture of gases a pressure for each gas, 
which is called its partial preaaure. 
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has the effect, therefore, of tending to raise the drum but at the same time 
to reduce the size of the conical opening for the flow of gas through 
the valve F. A reduction in pressure, on the other hand, has just the 
opposite effect, as it will tend to increase the opening for the flow of 

gas through the valve. With the use of 
a device of this kind, fluctuations of gas 
inlet pressure are very much reduced 
and, if the fluctuations are small, they 
may be almost entirely eliminated. 

The pressure at the gas outlet is a 
function of the weights placed on the 
drum and is measured by the U-tube 
shown in the figure by a side view. It 
is stated that devices of this kind are 
satisfactory for evening out the pres¬ 
sure of a gas supply even when that 
pressure varies several inches of water. 
It is best to connect the gas regulator between the gas supply and the 
meter, in order to establish the certainty of constant conditions at the 
meter. If, however, the regulator is connected between the meter and 
the burner it is necessary to observe quite frequently the water level in 
the meter to make certain that it does not change, for, if the water level 
does change, the measurements by the gas meter would bo in error by 
the amount of change. 

For making determinations of the calorific value of suction producer 
gas where the working gas pressure is less than atmosplieric, a good 
method is to collect a sample with an aspirator and a collecting bottle as 
explained for sampling flue gas (see page 268). 

Producer gas and other gases of low heating value can be mixed with 
a little air and burned in a simple metal tube, covered over at the end 
with a piece of fine gauze to prevent firing back into the mixing chamber. 
The mixture formed should preferably be nonexplosive. 

Recording Gas Calorimeters.—Many testing engineers prefer, for 
calorimetric determinations of the heating value of gas, a continuous 
recording instrument rather than the laboratory type. The best types 
of recording calorimeters do not, as a rule, give quite so accurate results 
as the laboratory kind. This statement is particularly true in cases where 
a highly skilled operator is not available to keep the recording instrument 
in proper adjustment. One of the disadvantages of the recording type of 
calorimeter is that it is very expensive. When the continuous instru¬ 
ment is changed from one kind of gas to another, an interval of about 
30 minutes must be allowed before results that are indicated can be 
considered reliable (see Power Test Code of A.S.M.E., Part IX, 
page 16). 



Fio. 233.—Weighted gas-pressure regu¬ 
lator. 
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The author has made continuous recording gas calorimeters using a 
simple pipe burner and positive pressure blowers (similar in design to 
those on page 439). One blower for measuring the gas is of about one- 
sixth the capacity of the larger one for measuring the air. As both 
blowers are driven by a single electric motor, they will always deliver 
gas and air in a constant ratio, provided pressure and temperatures of 
gas and air are maintained at about the values at which the instrument 
was calibrated. Calorific value of the gas is then proportional to the 
difference in temperature between the air and gas entering and the 
temperature of the discharged gases. A differential recording thermom¬ 
eter with the chart graduated in heat units per cubic foot of gas as deter¬ 
mined by comparison with a Junkers calorimeter gives a continuous 
record of heat values of the gas. An apparatus of this kind is very useful 
in a producer gas plant in showing the quality of gas produced and the 
relative care observed in the operation of the producers. 

Exercise. Calorific Value of Gas. —One cubic foot of coal gas at an 
absolute pressure of 29.51 inches of mercury and at 67.9°F., when burned 
in a Junkers calorimeter, raised the temperature of 6.74 pounds of water 
in one test, from 67.75 to 86.27°F. Condensation (water) collected due to 
combustion was 21.6 cubic centimeters; absolute atmospheric pressure 
was 29.40 inches of mercury; and corresponding heat of evaporation, hfg, 
of water from tables is 2.265 B.t.u. per cubic centimeter (see footnote, 
page 247). The data and rcvsults of this test and two check tests are 
given in Table XVI (page 246). 

Corrections for Difference between Inlet-water Temperature and 
Room Temperature. —The correction calculated from the following 
table^ may be applied to heating values of illuminating gas of about 600 
B.t.u. per cubic foot. The correction is added if the inlet water is 
warmer than the room, subtracted if the inlet water is colder. 


Table XVL4. —Corrections for Differences between Room and Water 

TeM f*ERATlTHES 


Room temporat-ure, degrees 
Fahrenheit 

Corrections in B.t.u. per 1°F. difference 

For calculating “higher^' 
heating value 

For (;alculating ‘‘lower 
heating value 

50 

0.5 

0.4 

60 

0.6 

0.4 

70 

0.7 

0.4 

80 

0.8 

0.4 

90 

0.9 

0.5 

100 

1.0 

0.5 


* From Circ. 48, U. S. Bur. Standards. 
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Junkers Calorimeter for Liquid Fuels. —Figure 234 shows a balance 
and lamp attachments for a Junkers calorimeter set up for determining 
the heat value of liquid fuels like gasoline, kerosene, crude oil. The heat 
generated is measured in the same way as when gas is burned and the 

weight of oil used is determined by 
weighing on the balance to which the 
lamp L is attached. This lamp is pro¬ 
vided with a ''regenerative'' burner B 
with a long stem as shown. A small 
hand pump P is arranged for attach¬ 
ment to the valve V to put the oil in 
the bowl of the lamp under a pressure 
of about 10 pounds per square inch. 
This air pressure forces the oil up the 
stem and through a coil of metal tubing 
which lies above the flame and is heated 
by it and gasified. The gaseous fuel 
escapes as a jet through a minute orifice where it should burn with a blue 
flame indicating perfect combustion. When oils heavier than gasoline 
are tested, the regenerator coil must first be heated by burning alcohol 
in the cup shown in the figure just below the burner B, When combus¬ 
tion is not complete, as is always the case when the flame is started, soot 
accumulates on the coil and is likely to choke the orifice of the burner. 
A piece of fine piano wire should always be at hand for cleaning the orifice. 

The principal defect of this apparatus for the determination of the 
calorific value of licjuid fuels is that 
there is sometimes leakage of the 
liquid fuel through the orifice of the 
burner into the cup located below it; 
and combustion in the cup is not likely 
to be complete. Another difficulty, 
which is probably even more impor¬ 
tant than the one already mentioned, 
is that the air capacity in the bowl 
of the lamp is so small that there 
is nearly always a considerable drop 
in the pressure on the liquid fuel in 
the bowl from the beginning to the end 
of a test run, the drop in pressure 
producing, of course, a corresponding reduction in the rate of flow of 
the liquid fuel through the burner. At Cornell University,^ a constant- 
pressure device has been developed which can be very satisfactorily used 

1 Diederichb and Andrae, “Experimental Mechanical Engineering,“ p. 808. 



Fig. 235.—Volume measuring device for 
liquid fuel. 



Fig. 234. —Balance and lamp for 
burning oils in Junkers calorimeter. 
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to obtain a constant pressure on the liquid fuel. It consists of a metal 
tank T to serve as a reservoir of the liquid fuel, with a capacity of about 1 
gallon, which should be fastened permanently to the table on which the 
calorimeter is to be used, somewhat as shown in Fig. 235. Connected 
to the bottom of the tank T is a small pipe to which is attached a valve F, 
and at one side of the tank is a pipette P for showing the level of the 
liquid fuel at the beginning and the end of a test run. Supplementing this 
1-gallon tank on the table is a considerably larger tank on the floor below 
the table, in which a nearly constant pressure is maintained by means of a 
hand air pump, like those used for filling automobile tires. The air 
volume in the floor tank added to that in the tank T on the table is 
therefore rather large in comparison with that which can be obtained in 
the bowl of the lamp, and the pressure variation during a test can there¬ 
fore be made almost negligible. 

In the conduct of a test of calorific value of liquid fuel, as long as the 
calorimeter is being adjusted to obtain constant conditions, the valve V 
below the 1-gallon tank is open and the liquid fuel is supplied directly to 
the burner. On account of the large capacity, there is plenty of time to 
bring the calorimeter to equilibrium conditions. When these are 
reached, and it is desired to start the test, it is merely necessary to close 
the valve F. The time required to close this valve is immaterial, since 
the liquid fuel is now supplied through the pipette P, in which the level 
should be as yet above the upper mark a. When the level passes through 
the mark a, the test is started. It is ended when the level passes the mark 
6. The capacity of the pipette P is usually made about 20 cubic centi¬ 
meters. The manipulation is thus much simpler than with the standard 
appliance. The only objection is that the measurement is in terms of 
volume which has to be converted to weight by a separate determination 
of the density of the liquid fuel. 

Calorific Values from Chemical Analysis.—Dulong stated a long time 
ago that the heat generated by burning any fuel was equal to the sum 
of the ‘‘possible heatsgenerated by its component elements, less that 
portion of the hydrogen which combined with oxygen in the fuel to 
form water. When hydrogen and oxygen exist together in a compound 
in the proper proportions to form water, the combination of these ele¬ 
ments has no effect on the calorific A^alue of the compound. Now the 
calorific value of a pound of carbon is 14,600 B.t.u. and of a pound of 
hydrogen is 62,000 B.t.u., so that by Dulong’s formula the calorific 
value of a pound of fuel x would be stated, using these values, as 


X = 14,600C + 62,0001 


(«-» 


+ 4,000S, 


(59) 


where C, H, O, and S are, respectively, the weights of the carbon, hydro¬ 
gen, oxygen, and sulphur in a pound of fuel. 
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A similar formula known as that of the Verein deutscher Ingenieure 
expressed in units and terms used in Dulong^s but corrected for the weight 
in pounds of the moisture it; in a pound of fuel, is given as follows: 

0 > 

8 ^ 

Formulas given above are all for the ^‘higher” heat values corre¬ 
sponding to those obtained with a bomb calorimeter. The last formula 
[Eq. (60)] expressed for lowerheat value is 


X = 14,400C + 62,000| 


(h-^) 


+ 4,500S - l,100io. 


(60) 


a: = 14,400C + 52,000| 




IjlOOit;. 


( 61 ) 


As the result of testing 44 different kinds of coal with his bomb 
calorimeter, Mahler developed the following formula, using the same 
symbols as in Dulong’s, in percentages instead of fractions of a pound, 

X = 200.5C + 675H - 5,400 (62) 

Using this latter formula. Lord and Haas' computed the calorific values 
for a series of 40 Pennsylvania and Ohio coals which they had analyzed 
and found that the maximum differences between the calculated results 
and the determinations with a bomb calorimeter were from 2.0 to —1.8 
per cent. With fuels like coke, charcoal, and anthracite coal, in which 
the content of volatile matter is small, the calorific values calculated 
from an accurate analysis are usually in very close agreement with 
accurate calorimeter tests, but with coals having more than 20 per cent 
of volatile matter there is likely to be considerable error. 

A formula which is as accurate as any of 
those given above is based on the results of 
the proximate analysis. In this formula, 
known as Goutars,- 

c = percentage fixed carbon in coal ‘*as 
received.^' 

V = percentage volatile matter in coal 
‘‘as received.” 

a = constant from the curve in Fig. 
236. 



Then, 


X = 147.6c + a X V, (63) 

Determination of Total Carbon. —In prac¬ 
tical work it is difficult and expensive to 
determine the ultimate analysis of a sample of coal. If, however, in 
addition to the heating value, the total carbon content is known, a 


Percent Volatile Matter “os Rec'd 
Fia. 236.—Curve for determining 
calorific value of coal. 


^ Trans. A.I.M.E,, February, 1897. 
* Wisconsin Eng.j December, 1911. 
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complete and satisfactory heat balance of the combustion can be 
computed. 

The carbon content of coal may be determined by using the apparatus 
shown in Fig. 237,^ used in conjunction with a Parr fuel calorimeter. In 
the sodium peroxide fusion in the calorimeter, the total carbon of the coal 
has been oxidized and chemically combined to form sodium carbonate, 
NaCOs. By liberating the carbon dioxide, CO 2 , under accurately deter¬ 
mined conditions of temperature and pres¬ 
sure in this apparatus, the amount of car¬ 
bon may be derived from the volume of 
carbon dioxide, CO 2 , discharged. The 
large double pipette P is one-half filled 
with a 40 per cent solution of sodium 
hydrate, or such as is ordinarily used for 
the absorption of carbon dioxide gases. 

The sodium peroxide is dissolved in hot 
water and placed in the flask F. The solu¬ 
tion in the flask is boiled to dispel the air. 

Concentrated hydrochloric acid is added 
through the funnel-shaped vessel V. The 
acid unites with the sodium carbonate, 

NaCOs, forming sodium chloride, NaCl, 
carbon dioxide, CO 2 , and water, H 2 (). 

The carbon dioxide passes through the 
condenser C into the burette B, The 
water and the acid are condensed by the 
condenser C and remain in the flask F. 

The gas which collects in the burette B is 
then passed into the double pipette P containing the caustic solution 
which absorbs the carbon dioxide. The gas is then drawn back into 
the burette and the difference in volume is the volume of carbon diox¬ 
ide absorbed by the caustic solution. From the carbon dioxide liberated 
in this manner, the weight of carbon in the coal may be readily computed. ^ 

Proximate Analysis of Coal. —For all tests in which an analysis of the 
coal or its calorific value is to be determined, it is very necessary that 
the sample to be tested be selected with the greatest care. The method 
generally adopted for obtaining a fair sample is known as quartering. 
This method as practiced by the U. S. Bureau of Mines is shown in Fig. 
238 (page 260). The utmost care must be taken that the amount of 
moisture in the sample received for analysis is the same as that in the orig¬ 
inal condition, or, more specifically in a boiler test, at the time when the 
coal used in the test was weighed. For this reason samples of coal should 

^ See Parr, “Fuel, Gas, and Lubricants.” 

® See Allen and Bursley, “Heat Engines,” 4th ed., p. 117. 
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be transported and stored in air-tight preserving jars or similar vessels. 
It is not unusual, moreover, to find that coal containing 10 per cent of 
moisture will lose as much as 2 or 3 per cent of its moisture in the process 
of careless sampling, crushing, resampling, etc.; while if it is allowed to 
remain exposed to atmospheric conditions for a considerable time in a 
warm room, as much more may be lost by evaporation. Crushing, 
sampling, and weighing should always be done as rapidly as possible. 

Only during recent years has the proper importance of correct sam¬ 
pling of coal for analysis been understood. Particularly in run-of-mine 
coal, that is, coal as mined without crushing or screening, the careful 
selection of coal for the sample as regards size is also very important. 
If the sampling has not been done so as to get coal that is representative, 
certainly the analysis can be of no value. Proportionate amounts 
should be taken of both large and small sizes as well as of the fine dust. 

Details of solid fuel sampling as required by the A.S.M.E. Test Codes 
are explained on page 258. 

In the laboratory the coal should be emptied from the jar or can and 
crushed to a fineness of about a 20-mesh sieve (20 meshes to the inch). 
The crushed coal is thoroughly mixed and a small portion, about 2 or 3 
ounces, is put into an air-tight bottle and is to be used for the analysis. 
The rest is put back into the jar or can and sealed. It is to be retained 
for possible use in check tests. 

Proximate analysis of coal consists in determining the moisture, 
volatile matter, fixed carbon, ash, and sulphur. Methods for these 
determinations are more or less empirical and vary slightly, so that 
in a report the authorship of the methods used should be stated. The 
methods most generally accepted by progressive engineers are those 
defined by the American Chemical Society^ and are in common use both 
in this country and in England.^ 

Moisture and ash determinations are most important because they 
are noncombustible and detrimental constituents, the moisture requiring 
the wasting of heat for its evaporation into steam and the ash when 
present in large amounts is often likely to form clinker in poorly designed 
or badly operated furnaces and is also expensive to dispose of. Sulphur 
determinations are important only when the furnaces are not suitable for 
the combustion of coal containing 1 or 2 per cent of sulphur. Furnaces 
are readily designed for burning coals having from 4 to 5 per cent of 
sulphur without clinkering the ash. 

Methods of the American Chemical Society are as follows; 

1. Moisture. —Weigh in a covered crucible about 4 grams (about 
I ounce) of the coal passing through a 20-mesb sieve that was prepared 
for analysis as described above. This should be done as quickly as 

^Jour. Am. Chem. Soc.j Vol. 21, 1899. 

* Royds, R., '*The Testing of Motive Power Engines,** p. 293, London, 1911. 
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possible to avoid loss of moisture to the air. Remove the cover and 
heat in an oven for an hour at a temperature of from 220 to 230®F. At 
the end of the hour replace the cover on the crucible, remove it from the 
oven, and place it in a desiccator to cool.^ When the crucible and the 
coal it contains are at nearly the same temperature, they should be 
weighed. Again remove the cover and heat as before in the oven for a 
half hour longer. If the weight has remained constant, no more heating 
is necessary and the difference between the first and last weighings is the 
moisture in the coal. 

2. Volatile Matter.—Weigh about 1 gram ounce) of the ^‘20-mesh'' 
crushed coal prepared for analysis in a platinum crucible weighing from 
20 to 30 grams (1 to 1 ounce) ^ and having a closely fitting cover. Support 
the covered crucible on a chemist^s triangle of nichrome steel or platinum 
about 3 to 3^ inches above the top of a good Bunsen burner. 

Heat the covered crucible for 7 minutes in the full flame of the burner, 
which should be at least 8 inches high when unobstructed. Cool the 
crucible in a desiccator and then w^eigh carefully. The loss is the sum 
of the volatile matter plus the moisture. The room in which the test 
for volatile matter is made should be free from drafts which might 
cause a variation in the intensity of the flame.*^ 

3. Fixed Carbon and Ash.—The crucible without the cover and the 
residue from the preceding test are now^ intensely heated with a Bunsen 
flame or with an air-blast lamp until all the carbon has been burned, and 
the weight of crucible and contents becomes constant. The use of the 
air-blast lamp in place of the Bunsen burner for this last determination 
will very much reduce the time required. The contents of the crucible 
may be stirred slightly with a platinum wire to break up the ash, which 

1 While the sample is cooling, there is the possibility that it may absorb moisture 
from the air unless it is placed in a desiccator until cool. It is difficult to get accurately 
the weight of hot bodies on account of the air currents produced. 

2 The capacity of the crucible should be about three times the volume of the coal, 
to allow for its expansion in coking. 

It is not at all unusual for persons making tests on the same sample of coal to dis¬ 
agree as to the volatile content. This is because not all chemists and engineers will 
use the same type of burner, and if they are in different places they may have gas of 
widely different heat value. To overcome these difficulties, the author has made elec¬ 
tric furnaces consisting of a single resistance coil of nichrome wire calibrated for a 
sufficient wattage to give a temperature of from 850 to 900°F. in a platinum crucible 
placed in its core. In 5 minutes after the electric current is applied to the coil, a con¬ 
stant and maximum temperature is reached and the covered platinum crucible is then 
inserted to be heated for 7 minutes. Weighings are made as with the regular method. 
Results show remarkably close agreement and are independent of variable gas 
supplies. 

Porcelain crucibles should never be substituted for platinum crucibles for accurate 
work, as the porcelain requires a longer time to attain a constant temperature and 
therefore the duration of the application of the maximum temperature may not be the 
same as with one of platinum. 
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should become a powdery mass when combustion is complete. Combus¬ 
tion is assisted by inclining the crucible on the triangle during this test 
so as to admit air more freely for oxidation. After cooling in a desiccator, 
make a final weighing. The difference between this weight and that 
of the crucible without cover when empty is the ash. Weight of fixed 
carbon is obtained by subtracting the sum of the weights of moisture, 
volatile matter, and ash from the original weight of the sample of coal 
tested. 

Weighings should be made with chemical scales sensitive to one- 
thousandth of the amount weighed. Two determinations of the complete 
proximate analysis should be made of each sample and the results should 
check within 0.5 per cent of the weight of the coal. 

In a report, record, with the regular data, whether in the volatile test 
the coal coked into a single spongy mass or remained granular. 

A.S.M.E. Methods.—Methods proposed for proximate analysis of 
coal by the Power Test Committee of the A.S.M.E. are those of the 
American Society for Testing Materials,^ which are practically the same 
as for the American Chemical Society as given here. 

To determine sulphur by Eschka’s method, which is the one com¬ 
monly used, heat 1 gram of coal mixed with 1 gram of magnesium oxide 
and ^ gram of sodium carbonate for 1 hour, using an alcohol lamp. After 
cooling, mix with 1 gram of ammonium nitrate and heat the mixture 
10 minutes; then dissolve in 200 cubic centimeters of water, heat and 
reduce by evaporation to 150 cubic centimeters, acidify wdth hydrochloric 
acid and filter. Add barium chloride to the filtrate and determine the 
sulphur by calculation from the quantity and composition of the barium 
thereby precipitated. 

The carbon and the hydrogen are obtained by the use of the combus¬ 
tion apparatus. One-half gram of the pulverized air-dried coal is placed 
in a porcelain ^^boat,^^ w^hich is introduced between the copper roll of oxi¬ 
dized copper gauze and the copper oxide within the glass combustion 
tube. After the coal and the entire contents within have been thor¬ 
oughly dried out by a sufficient preliminary heating, aided by a current 
of dry air, the furnace is set to w^ork and the coal burned by first passing 
air and finally oxygen through the tube. The products of combustion are 
to be passed through potash bulbs and a chloride of calcium tube. The 
carbon dioxide produced by the combustion of the carbon is absorbed 
by the potash, and the water formed by the combustion of hydrogen, 
together with that due to the moisture in the air-dried coal, is taken up 
by the chloride of calcium. The quantity of carbon is determined by 
weighing the bulbs before and after, to obtain the weight of the carbon 
dioxide produced, and then calculating the weight of carbon from the 
known composition of the dioxide. Likewise, the quantity of hydrogen 

iSee A.S.T.M. Standards, 1921, pp. 765-767. 
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is determined by weighing the calcium tube before and after, which, 
after deducting the moisture in the air-dried coal, gives the amount of 
water produced and, dividing by 9, the amount of hydrogen. 

The ultimate analysis of coal for sulphur, pure carbon, and hydrogen, 
as will be seen from the foregoing description, requires the use of so much 
chemical apparatus, and at best it is so complicated, that it is not likely to 
be done except in a fully equipped chemical laboratory. It should not be 
undertaken by one who is not entirely familiar with all the details of the work. 

Hydrogen from Proximate Analysis. —Professor L. S. Marks^ has 
given curves showing that the hydrogen in the coal which is not included 
in the moisture can be obtained accurately from the results of proximate 
analysis. Also it is then possible to obtain the chemical analysis of coal 
from the proximate analysis. This is important, as in order to make a 
complete analysis of a boiler it is necessary to find the percentage of 
total carbon in the coal and also the hydrogen in the volatile matter. 

In the proximate analysis the combustible is equal to the sum of the 
volatile matter and fixed carbon, or it is equal to the coal as received 
less the ash and moisture. 

The Marks’ curves have been expressed by the following equations: 

" - ’ (v-fTo - 

where in the foregoing and following equations, 

V = the percentage by weight of volatile matter in combustible. 

H = the percentage by weight of hydrogen in combustible. 

C = the percentage by weight of volatile carbon in combustible. 

N = the percentage by weight of nitrogen in combustible. 

This equation has an accuracy for American coals of about ±0.2 per 
cent. 

C = 0.02for anthracite, and C = 0.9(F -- 10) for semianthracite. 

C = 0.9(F 14) for bituminous and semibituminous. 

C = 0.9(F — 18) for lignites. 

Sulphur in coal directly increases the value of V ; values of C calculated 
will be too high practically by the sulphur content of the combustible. 

The nitrogen which comes off in the volatile matter can be obtained 
with an accuracy of ±0.5 per cent by use of the following equations: 

N = 0.07F for anthracite and semianthracite, 

N = 2.10 — 0.012F for bituminous and lignite. 

Purchasing Coal by Calorific Value (B.t.u.) and Analysis. —Every 
year there are more power plants purchasing their coal on the basis of 
analysis and calorific value. It may be generally assumed that ship¬ 
ments of coal coming from the same mine at different times will not vary 

^ Power, December, 1908. 
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a great deal in the composition of combustible. Moisture and ash may, 
however, vary considerably and every large shipment, preferably every 
car load, should be tested at least for moisture and ash content as a 
check to determine whether the specifications are being fulfilled. At 
frequent intervals, particularly when ash or moisture determinations 
indicate a doubtful quality, samples should be sent to some laboratory 
for a complete analysis. For only the moisture and ash determinations, 
no special equipment is needed. If moderately large weights are used, 
a fairly accurate ^‘counter’' or even a good platform scales may be used 
for weighing; and aside from this only a few sheet-metal or tin pans, one 
or two thermometers, and several Bunsen burners and porcelain crucibles 
are absolutely required. Besides the scales for weighing, the equipment 
needed can be purchased for $10. For a drying box almost any kind 
of a discarded galvanized iron or tin vessel can be used. There should 
be a small hole in the top for the insertion of a thermometer. 

To burn coal to ash with Bunsen burners requires the application of 
heat for a great many hours. Instead of providing air pressure for a 
blast lamp, some engineers prefer to buy oxygen in tanks^ and burn the 
coal rapidly in a pure oxygen atmosphere. 

A.S.T.M.2 METHOD OF SAMPLING SOLID FUELS (ABRIDGED) 
(APPROVED BY A.S.M.E., 1931) 

For Solid-f uel Determinations {except Total Moisture) 

Source of Sample. —The coal shall be sampled when it is being loaded 
into or unloaded from railroad cars, ships, barges, or wagons, or when 
discharged from supply bins, or from industrial railway cars, or grab 
buckets, or from any coal-conveying equipment, as the case may be. If 
the coal is crushed as received, samples usually can be taken advanta¬ 
geously after the coal has passed through the crusher. Samples collected 
from the surface of coal in piles or bins or in cars, ships, or barges are 
generally unreliable.^ 

* Linde Air Products Co,, Buffalo, N. Y., with distributing stations in several large 
cities. 

2 American Society for Testing Materials. 

® Gross samples of the quantities designated must be taken, whether the coal to be 
sampled consists of a few tons or several hundred tons, because of the following 
cardinal principle in sampling coal that must be recognized and understood; that is, 
the effect of the chance inclusion or exclusion of too many or too few pieces of slate or 
other impurities in what, or from what, would otherwise have been a representative 
sample will cause the analysis to be in error accordingly, regardless of the tonnage 
sampled. For example, the chance inclusion or exclusion of 10 pounds too much or 
too little of impurities in or from an otherwise representative sample of 100 pounds 
would cause the analysis to show an error in ash content and in heat units of approxi¬ 
mately 10 per cent, whereas for a 1,000-pound sample, the effect would be approxi¬ 
mately only 1 per cent, being approximately the same whether the sample is collected 
from a 1-ton lot or from a lot consisting of several hundred tons. 
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Size of Increments in Sampling. —To collect samples, a shovel or 
specially designed tool,^ or mechanical means should be used for taking 
equal portions or increments. For slack or small sizes of anthracite, 
increments as small as 5 to 10 pounds may be taken, but for run-of-mine 
or lump coal, increments should be at least 10 to 30 pounds. 

Collection of Gross Sample. —The increments shall be regularly 
and systematically collected, so that the entire quantity of coal sampled 
will be represented proportionately in the gross sample, and with such 
frequency that a gross sample of the required amount shall be collected. 
The standard gross sample shall not be less than 1,000 pounds, except 
that for slack coal and small sizes of anthracite, in which the impurities 
do not exist in abnormal quantities or in pieces larger than | inch, a gross 
sample of approximately 500 pounds shall be considered sufficient. If 
the coal contains an unusual amount of impurities, such as slate, and if 
the pieces of such impurities are very large, a gross sample of 1,500 pounds 
or more shall be collected. The gross sample should contain the same 
proportion of lump coal, fine coal, and impurities as is contained in the 
coal sampled. When coal is extremely lumpy, it is best to break a 
proportional amount of the lumps before taking the various increments of 
a sample. Provision should be made for the preservation of the ^'integ¬ 
rity’^ of the sample. 

Crushing of Sample of Coal. —After the gross sample has been 
collected, it shall be systematically crushed, mixed, and reduced in 
quantity to a convenient size for transmittal to the laboratory. The 
sample may be crushed by hand or by any mechanical means, but under 
such conditions as shall prevent loss or the accidental admixture of foreign 
matter. Samples of the quantities indicated in Table XVII shall be 
crushed so that no pieces of coal and impurities will be greater in any 
dimension, as judged by eye, than specified for the sample before division 
into two approximately equal parts. 


Table XVII.— Weight and Size of Sample 


Weight of Sample 
to Be Divided, 
Pounds 

1,000 or over.. 

500. 

250. 

125. 

60. 

30. 


I^argest Size of Coal and Impuri¬ 
ties Allowable in Sample before 
Division, Inches 


to pass a No. 4 sieve 


The progressive reduction in the weight of the sample to the quanti¬ 
ties indicated in Table XVII shall be done by the following methods, 
which are illustrated in the plates in Fig. 238. 

' For a more complete discussion of equipment for the sampling of coal as well as 
criticisms of sample specifications, see Bull. 5, The Pennsylvania Engineering Experi¬ 
ment Station, State College, Pa. 
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a. Mixing and Reduction by Discarding Alternate Shovelfuls. —The 

'^alternate-shover' method of reducing the gross sample shall be repeated 
until the sample is reduced to approximately 250 pounds and care shall be 



First stage in tho preparation of a 1,000-11). sample 



observed before each reduction in quantity that the sample has been 
crushed to the fineness prescribed in Table XVII. 

The crushed coal shall be shoveled into a conical pile by depositing 
each shovelful of the sample coal on top of the preceding one and then 
formed into a long pile in the following manner: The sampler shall take a 
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shovelful of coal from the conical pile and spread it out in a straight line 
(Plate SA or 8^4 ) having a width equal to the width of the shovel and a 
length of 5 to 10 feet. His next shovelful shall be spread directly over the 



NOTE 

Select a Hard, Clean 
Surface,Free of Cracks 
and protected from 
Rain, Snow, Wind and 
Beating Sun. Do not let 
Cmders, Sarid,Chippings 
from Floor or any 
other Foreign Matter 
get into the Sample. 
Protect Sample from 
loss or gain in moisture 




of sampling solid fuel by quartering. 


top of the first shovelful, but in the opposite direction, and so on, back 
and forth, the pile being occasionally flattened, until all the coal has been 
formed into one long pile (Plate 3B or 8iS). The sampler shall then dis¬ 
card half of this pile, proceeding as follows: 
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Beginning at one side of the pile, at either end, and shoveling from 
the bottom of the pile, the sampler shall take one shovelful (shovelful 1, 
Plate 4 or 9) and set it aside; advancing along the side of the pile a distance 
equal to the width of the shovel, he shall take a second shovelful (shovel¬ 
ful 2) and discard it; again advancing in the same direction one shovel 
width, he shall take a third shovelful (shovelful 3) and add it to the first. 
The fourth (shovelful 4) shall be taken in a like manner and discarded, the 
fifth (shovelful 5) retained, and so on, the sampler advancing always 
in the same direction around the pile so that its size will be gradually 
reduced in a uniform manner.- When the pile is removed, about half of 
the original quantity of coal should be contained in the new pile formed 
by the alternate shovelfuls which have been retained. {Plate bA or 
lOA shows the retained halves, and Plate 5B or lOB the rejected halves.) 

b. Mixing and Reduction by Quartering. —After the grosss ample has 
been reduced by the foregoing method to approximately 250 pounds, 
further reduction in quantity shall be by the quartering method. Before 
each quartering, the sample shall be crushed to the fineness prescribed in 
Fig. 238. 

Quantities of 125 to 250 pounds shall be thoroughly mixed by coning 
and reconing {Plates 12 and 13); quantities less than 125 pounds shall be 
placed on a suitable cloth, measuring about 6 by 8 feet, mixed by raising 
first one end of the cloth and then the other {Plate 18, 24, or 30), so as to 
roll the coal back and forth, and after being thoroughly mixed shall be 
formed into a conical pile by gathering together the four corners of the 
cloth {Plate 19, 25, or 31). The quartering of the conical pile shall 
be done as follows: 

The cone shall be flattened, its apex being pressed vertically down with 
a shovel, or board, so that, after the pile has been quartered, each quarter 
will contain the material originally in it. The flattened mass, which shall 
be of uniform thickness and diameter shall then be marked into quarters 
{Plate 14, 20, 26, or 32) by two lines that intersect at right angles directly 
under a point corresponding to the apex of the original cone. The diag¬ 
onally opposite quarters {BB in Plate 16, 22, 28, or 34) shall then be 
shoveled away and discarded and the space that they occupied brushed 
clean. The coal remaining shall be successively crushed, mixed, coned, 
and quartered until the sample is reduced to the desired quantity. 

The laboratory sample shall be immediately divided into two parts, 
placed in suitable containers, and sealed in such a manner as to preclude 
tampering. One of these shall be sent to the laboratory for analysis, and 
the other retained at the plant until satisfactory analysis of the laboratory 
sample has been completed and reported. 

In collecting and reducing coke samples, all instruments used for 
crushing shall be made of iron or steel, so that, in later preparation of 
the sample in the laboratory, particles mixed with the coke sample, due 
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to its abrasive action on crushing instruments, may be separated out by 
running the ground sample under a magnet. 

Determination of Total Moisture 

Collection of Moisture Sample of Solid Fuel. —The special sample for 
the moisture determination shall weigh approximately 100 pounds and 
shall be accumulated by placing in a waterproof receptacle, with a tight- 
fitting waterproof lid, small equal parts of freshly taken increments of the 
standard gross sample. The accumulated-moisture sample shall be 
rapidly crushed and reduced mechanically or by hand to about a 5-pound 
quantity, which shall be immediately placed in a container and sealed 
air-tight and forwarded to the laboratory without delay. 

Only when equally representative results will be obtained with cer¬ 
tainty shall the standard gross sample be used instead of the special 
moisture sample for the determination of total moisture. 

Containers for Samples of Solid Fuels. —Samples in which the 
moisture content is important should always be shipped in moisture- 
tight containers. A galvanized-iron or tin can with an air-tight friction 
top or a screw top which is sealed with a rubber gasket and adhesive tape 
is best adapted to this purpose. Glass fruit jars with rubber gaskets 
may be used but require very careful packing to avoid breakage in transit. 
Obviously, samples in which the moisture content is of no importance 
need no special protection from loss of moisture. 

Moisture Sample of Ash.—The moLstun' sample shall be taken from the collected 
gross sample of asli before the latter has becai cruslied for subdivision in preparation 
for Uie laboratory sample. A “grab” sami)le of from 10 to 20 pounds will serve as 
the moisture sample. Before taking this, mix the gross sample by turning it over 
s(;veral times with a shovel. 

In taking this sampU* the least j)Ossible time should be used, in order to reduce the 
moisture loss by evaporation to a minimum. This moisture sample shall then be 
conveytai in a sealed container to the laboratory or place in wliicdi the moisture deter¬ 
mination is to l)e made. 

Moisture Determination of Ash.—The ash sample from the test shall be quickly 
crushed down in a jaw crusher to pass through a 4-mesh sieve. It shall now 
be reduc(‘d to approximately a 5-pound sample, weighed qiuckly, and spread over 
galvanized-iron pans. These pans containing the sample shall now be placed in an 
air-drying oven and shall have air passed over them at a temperature not exceeding 
200°F. The process shall be continued until the weight loss is not more than 0.1 per 
cent per hour. 

Determination of Combustible Matter.— a. Combustible in refuse shall be com¬ 
puted by means of difference, in weight of total cosd, computed weight of total dry 
ash from the ultimate analysis, and weight of boiler refuse, the heating value of the 
combustible to be taken as that of pure carbon. 

h. For determination of the combustible in fuel siftings through the grate, the 
sifting sample shall be treated according to the method described under proximate 
analyses in A.S.T.M. Specification D22-21 for the determination of ash in coal.i 

^ See A.S.T.M. Standards, 1921, p. 760. 
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Tht^ heating value of the combustible in the siftings shall be determined by the calori¬ 
metric method. 

Test for Fusing Point of Ash. —At the time of writing this code there is no generally 
recognized method of testing for the fusibility of ash or of properly interpreting the 
results arrived at, as the fusing temperature varies considerably under different con¬ 
ditions, and for the same apparent fusing temperatures different results are obtained 
under different operating conditions. However, the method of test for the fusing 
temperature adopted by the American Society for Testing Materials (D22-21) has 
been tentatively approved. 


POWDERED COAL 

Gross Ash Sample from Furnace. —This shall be collected and weighed 
at convenient intervals, care being taken that none of the fine ash deposit 
is lost. If there are large slag formations, these should be broken down 
and weighed separately. 

Preparing Laboratory Samples. —^Laboratory samples from both the 
gross stack-ash sample^ and the gross furnace-ash sample shall be prepared 
from said gross samples by the standard process of reducing, accompanied 
by quartering and mixing.^ The laboratory samples shall weigh from 
2 to 5 pounds. Separate samples shall be taken for the furnace and 
stack. If the slag is to be analyzed, the sample shall be prepared by 
crushing all of the slag so that it will pass through a ^Vinch screen. 


APPENDIX 


Frazer C’lassifk ation for ('oal 


Anthracites. 

Semianthracites. 

Semibituminous. 

Bituminous, Eastern. 

Bituminous, Mid-continental. . . 
Black lignites or subbituminous. 

Brown lignites. 


Volatile below 5 pcir cent 
Volatile 5-10 per cent 
Volatile} 15—22 per cent 
Volatile 25-35 per cent 
Vein moist. 2-4 per cent 
Volatile 35-45 per cent 
Volatile 35-45 per cent 
Vein moist. 17-20 per cent 
Volatile 25-45 per cent 
Vein moist. 20-25 per cent 


Quantitative Test for Solids in Flue Oases 

For the determination of solids such as cinders, an efficient cinder catcher through 
which th<} total gases are passed will lead to more' accurate results than any sampling 
device which takes only a very small fraction of tlie total gases. Furthermore, owing 
to the relative slow movement of the gases in many natural-draft installations, it is 


^ Methods of collecting stack ash by cinder catchers are not reliable (A.S.M.P]., 
Power Test Code on Solid Fuels). The more elaborate methods given in Bull. 223, 
U. S. Bur. Mines, are recommended. 

* In cases of important acceptance tests, exportation of coal, etc., it is often imper¬ 
ative to have the analysis performed by such an organization as the Government 
laboratories afford. Under some conditions the Bureau of Mines will analyze and 
test coal. 
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impossible to obtain a representative sample by simple means through a small sampling 
tube. (There is insufficient kinetic energy in the particles to carry them through such 
tubes.) It is often impracticable to have the total gases passed through a cinder 
catcher, and for such cases no generally recognized method is in use.^ 

^ See report of 1915 of Chicago Association of Commerce Committee of Investi¬ 
gation on Smoke Abatement and Electrification of Railway Terminals. 
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FLUE-GAS ANALYSIS 

Flue-gas Analysis. —The analysis of flue gases in connection with 
tests of steam boilers gives a valuable means for determining the relative 
value of different methods of firing and of different types of furnaces. 
Errors in the analysis of flue gases are most often due to the inability to 
secure an average sample of the gases in the different parts of a flue 
or chimney. The composition is likely to vary considerably even 
during short intervals, and it is therefore desirable to adopt some method 
of sampling which will permit collecting the sample 
slowly and continuously for a considerable period. 

A very simple and convenient sampling apparatus is 
shown in Fig. 239. 

The sample of gas is taken from the flue or chimney 
through the pipe P showm at the top of the figure. This 
pipe extends well into the flue and is preferably open- 
ended ^ as a better sample of gas can be taken than if the 
sampling pipe is slotted or is perforated along its length. 
The pipe outside the flue is connected by means of a 
short rubber tube to the sampling bottle. A valve V 
should be put as near as possible to the end of such 
a pipe, so that it can be closed up when the sampling 
Fig. 239 .— Gas sam- ^Qt^le is removed for analysis. If the pipe cannot be 
closed, the suction m the flue will draw air into the pipe 
and fill it so that when again connecting up the sampling bottle all this air 
must be removed before a true sample can be taken. The sampling bot¬ 
tle is preferably one with a wide neck, closed with a rubber stopper 
through which two glass tubes pass into the bottle, one reaching nearly 
to the bottom and the other entering only a little below the stopper. 
Tube B can be connected to an aspirator or ejector, or any similar 
device producing a suction, and there will be a steady flow of gas 
through the bottle. If still another short tube like B is put into the 
stopper, it can be used for the attachment of gas-analysis apparatus, 
making a very satisfactory arrangement, and it is then unnecessary to 
disconnect the sampling bottle from the pipe. 

^ For further discussion of sampling of flue gas, see A.S.M.E. flue-gas sampler 
(p. 268) and Test Code for Steam Generating Units—Flue-gas Analysis, p. 311. 
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'Water 


Air—K 


K 



Diftchars* 

Fig. 240. -Water-jet as¬ 
pirator or ejector. 


Small aspirators or ejectors (Fig. 240) operating on the principle of 
an injector with a small stream of water which entrains the gases are 
very convenient for collecting samples contin¬ 
uously. A slightly different design made of pipe 
fittings is shown in Fig. 241. Water enters 
through a vertical nozzle N and in discharging as 
a jet at high velocity entrains air or gas drawn in 
through the side opening, and the mixture of 
atomized water and air is discharged with con¬ 
siderable velocity through the forcing tube F at 
the bottom. 

If an aspirator is not available, the sampling 
bottle and the tube B may be filled with water. 

Then by gradually siphoning the water from the 
bottle the flue gases will be drawn in. By 
adjusting the val v^e V the rate of flow of the gases 
into the bottle can be regulated. The water will 
probably absorb some of t he constituents of the 
gas. On this account very little water should be 
left in the bottle with the sample of gas. If the 
water is saturated with gases, as it will be from 
long use, this precaution is not so essential. Sampling and collecting 
bottles should have rubber rather than cork stoppers, because cork is 
too porous.^ 

The sampling bottle and the tubes must be completely filled with the 
liquid before beginning to take the sample by the 
method of displacing water, because any air that is left 
in them will remain in the bottle and will be mixed with 
the sample of the gas. If the end of the stopper going 
into the bottle is made slightly conical, it will be easier 
to avoid entrapping bubbles of air at the top of the bot¬ 
tle when inserting the stopper. 

0 This type of sampling bottle when filled with liquid 
can be used also very conveniently by reversing the 
connections of its tubes, that is, by attaching the long 
tube to the pipe entering the flue, and then turning 
the bottle upside down. The liquid will then run out 
through the shorter tube and the gas will be drawn in 
to fill the bottle. 

A portion of the gas can be removed from the sam¬ 
pling bottle into the measuring burette or tube required 
for making the analysis of the flue gas by connecting the short tube 

^ A good way to cut holes in rubber stoppers for tubes is with the ordinary drills 
used for metal work, using a drill considerably larger than the hole required. 


Bushing 
Gos 



Fig. 241. —Ejec¬ 
tor made of pipe 
fittings. 
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of the sampling bottle to the burette or to some other part of the 
gas-analysis apparatus as may be required. If, now, the rubber tube 
connected to the longer tube of the sampling bottle when disconnected 
is put into a pail well filled with water, then, as the gas is withdrawn 
from the bottle, water will be drawn from the pail to displace it. One 
of the advantages of this sampling apparatus is that it can be easily 
made from the materials obtainable in almost any town or village. 
A 2-quart preserving jar with a rubber stopper to fit and tubes of glass, 
brass, or iron can be used to make up a very good apparatus. For 
accurate power-plant tests, these simple gas-collecting devices are not 
permitted, and more elaborate apparat us is required. 



Fia. 242.—A.S.M.E. apparatus for fluo-gas sampling. 


Sampling Tube for Flue Gas (A.S.M.E. Design).—The standard flue¬ 
gas sampler shall consist of a single open-ended iron, copper, or glass 
exploring tube of J to f inch diameter and of which the open ends are 
placed at such positions that the collected sample has a composition repre¬ 
sentative of the average composition of the gas being sampled. A deter¬ 
mination of such positions will require preliminary exploration and 
judgment. Pockets back of dampers and at bends shall be avoided. 

Location of Flue-gas Temperature-measuring Instruments.—The 
thermometer bulb or hot junction or other device used for temperature 
measurements shall be placed as near the open end of the sampling tube 
as possible and in such a position that the stream flow impinges freely on 
the temperature-responsive elements, but, of course, not so as to inter¬ 
fere seriously with gas flow into sampling tube. 

The thermometer of hot junction must be protected from radiation 
to colder or hotter surfaces, which may be in the vicinity, by providing 
metal, asbestos, or other shields so placed in the gas stream that no direct 
radiation can take place between the bulb or hot junction and the hot or 
cold surfaces. 

Method of Collecting Flue-gas Sample. —The gas sample shall be 
carried from the sampling pipe (Fig. 242) in a single tube to the bottle A 
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for the separation of condensed moisture and tars, past the T-connection 
(the tube should be capillary bore) to one end of which the collecting 
bottle B is connected, through the suction bottle C half-filled with water, 
which indicates by bubbling that a sample is being drawn and the rate, 
and thence to the aspirator. The aspirating process shall be strong, 
continuous, and at a uniform rate. The collecting bottle is a standard 
2-liter aspirating bottle fitted with a three-way stopcock (having a capil¬ 
lary bore) in the rubber stopper at the top. Any vessel D having a 
capacity somewhat greater than the bottle B may be used to contain 
the water used for displacement. It is connected to the bottle by a rub¬ 
ber tubing fitted with a pinchcock for regulating the flow of displace¬ 
ment water out of and into the bottle. With this apparatus a continuous 
sample^ is drawn from the main stream of gases, a small part of this 



Fi(j. 24,‘5.—Container for flue gas. 


sample is drawn off continuously for 15 or 30 minutes or other suitable 
period, and a port ion of t his sample is then analyzed in the Orsat appa¬ 
ratus. As only 2 to 3 minutes are required to fill the Orsat apparatus and 
empty the gas from the bottle, there is practically a continuous sample 
and analysis of the stream of gas aspirated from the breeching. If 
water is used in the bottle B and vessel Z>, it shall be saturated with the 
gas being analyzed; or concentrated brine may be used. 

It is preferable to have the flue-gas sample drawm directly into the 
Orsat apparatus. When this is not feasible, the gas sample shall be 
collected at the aspirator in standard collecting bottles such as shown in 
Fig. 242 or in a tube of tin or glass such as illustrated by Fig. 243. The 
gas samples may he collected in quantities proportioned to the rate of burning 
fuely or they may be collected in equal quantities at equal intervals of time. 
In the latter case, the average analysis of the gases must be arrived at by 
weighing the separate determinations propo7iionally to the weights of fuel 
burned during the times of collecting the samples from which the analyses are 
made. Whenever possible, the analysis shall be made immediately after 
collection of the sample. 

Flue-gas Analysis.—The gas samples collected in the manner 
described above shall be analyzed for carbon dioxide, carbon monoxide, 
and oxygen by means of an Orsat or other similar apparatus (see pages 
272 and 275). When more than 0.5 per cent of carbon monoxide is 
present, the carbon monoxide shall be removed with two cuprous chloride 

^ When the gas is at a pressure below normal, it may be drawn in by an aspirator. 
When, however, it is under pressure above normal, it will readily displace the water 
in the container. 
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pipettes in the Orsat apparatus. If hydrogen is present in the products, 
an apparatus such as the Hempel (page 276) or other suitable apparatus 
should be used. 

Since there is nearly always a great variation in the composition of 
the gases in the various parts of a flue or chimney, it is not very likely 
that a pipe having a long slot will give a “fair” sample. Obviously, 

most of the gas will enter the slot in that 
portion of its length nearest the collecting 
apparatus. Another device often used for 
a sampling tube consists of a horizontal 
pipe into which a number of branch tubes 
are fitted. These branch tubes are 
arranged so that the openings at their 
ends will take samples from the different 
parts of the flue or chimney in which they 
are placed. The A.S.M.E. Test Code for 
flue-gas sampling requires the use of a 
single open-ended tube (page 268). 

Figure 244 shows a sampling device 
used extensively in England. It consists 
of an iron tube T of f-inch iron pipe open 
only at the end in the flue. The end is located carefully, however, in Eng¬ 
lish practice so that it lies well into the current of the gases. The pipe 
T is connected to a vessel ikf about 2 feet in diameter. The bottom is 
connected to another vessel of about the same size which is open at the top 
to the atmosphere. Samples for analysis are taken from the small bottle 
A, Vessels M and N are provided to prevent stagnation of the gases in 
the pipes. Rubber tubmg is used in only very short lengths because it is 
said to be more or less porous to carbon dioxide. When the test is started, 
the bottle A is full of mercury, cock C is closed, and D is open just enough 
to permit a slow flow of mercury into B, When a new test is to be started, 
the mercury in B is poured into C, and A is filled and slowly emptied as 
before. 

When a sample of flue gas is taken from the flue at a considerable 
distance from the furnace, it is likely to become mixed with air leaking 
through the brickwork of the boiler setting, and the analysis will not 
show the true relations between the volumes of the so-called flue gases 
and the excess of air. To prevent as much as possible this leakage of 
air, the joints in the masonry must be examined and repaired if necessary 
and the samples must be taken as near as possible to the fire. It must be 
borne in mind, however, that they must be drawn very slowly from the hot 
flue in order that they will be cooled down gradually to avoid dissociation. 
If dissociation occurs in the sample, the analysis may show results entirely 
different from the true composition of the gas in the flue. It is also 



Fig. 244.—English gas sampling 

apparatus. 
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difficult to prevent the entrance of air into a flue through the bearings of 
dampers, and whenever it is possible the sample of flue gas should be 
obtained between the furnace and the damper. At high temperatures 
sampling tubes of other metals than platinum^ or nickel are not quite 
satisfactory, since by their oxidation they abstract oxygen from the gases 
passing through them. 

Apparatus for the Analysis of Flue Gases. —Samples of flue gases 
contain in varying amounts carbon dioxide (carbonic acid), oxygen, 
carbon monoxide, nitrogen, unburned hydrocarbons, and occasionally 
some free hydrogen. For the data which an engineer usually requires 
it is not necessary to determine by direct analysis more than three of 
these: carbon dioxide, CO 2 , oxygen, O 2 , and carbon monoxide, CO. 

The determination of carbon monoxide with the facilities and the 
portable apparatus ordinarily available in engineering laboratories is 
often somewhat doubtful. Some authorities state that there is rarely 
more than a trace of carbon monoxide to be found in the gases from 
combustion in the ordinary types of furnaces. When more than 1 per 
cent carbon monoxide is shown by the analysis and the carbon dioxide 
determination is not over 14 per cent, it may usually be assumed that 
a large part of what is taken to be carbon monoxide is oxygen which was 
not absorbed by the proper reagent. 

In Table XVIIA a set of typical analyses of flue gases is shown. The 
determinations were made by Scheurer-Kestner with coal from Ilon- 
chainp. Other analyses of flue gases may be checked by a comparison 
with this table. Thus when the analysis shows from 8 to 12 per cent 
carbon dioxide, the sum of the percentages of carbon dioxide and oxygen 
will probably be between 19 and 20. 


Table XVTLl.— Percentage Composition of Flue Gas 


C 02 

0 . ; 

CO 

N 

Hydrocarbons 

8.2 

11.3 

1 

0.2 

79.8 

0.5 

10.8 

9.0 

0.2 

79.7 

0.3 

12.9 

5.5 

0.2 

80.3 

1.1 

13.4 

4.4 

0.2 

80.2 

1.8 

14.6 

2.8 

0.3 

80.6 

1.7 


In the portable apparatus used by engineers for the analysis of flue 
gases a separate pipette or treating tube is provided for each reagent, 
and the chemicals used are of greater strength than the reagents used 
by some chemists. The following reagents give satisfactory results in 
a portable apparatus: 

' Porcelain and annealed glass are also satisfactory materials for making sampling 
tubes for very hot flues. 
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1. For absorbing carbon dioxide, a solution of one part of potassic 
hydrate or caustic potash, KOH, dissolved in two parts by weight of 
water is generally used. 

2. For absorbing oxygen, either an alkaline solution of pyrogallic 
acid^ or sticks of phosphorus are employed. 

The alkaline solution of pyrogallic acid is prepared by mixing together 
preferably in the absorption pipette or treating tube, to prevent access of 
air, 5 grams of pyrogallic acid powder and 100 cubic centimeters of 
potassic hydrate, KOH, solution prepared as explained above. 

To make the absorption more rapid, some engineers use a solution very 
much stronger in pyrogallic. This is not good practice, as stronger 
solutions are likely to evolve carbon monoxide in the presence of oxygen. 

Phosphorus is more rapid in its action than the pyrogallate but has 
the disadvantage of being difficult to use, as it must be handled under 
water. 

3. For absorbing carbon monoxide, a hydrochloric acid solution of 
cuprous chloride is used. This is prepared by dissolving about 10 
grams of cupric oxide in from 100 to 200 cubic centimeters of concentrated 
hydrochloric acid. This solution must be allowed to remain in a bottle 
tightly closed and well filled with copper wire or gauze, until the cupric 
chloride is reduced to cuprous chloride. In this latter state the liquid 
will be colorless. Exposure to the air produces a brown color, indicating 
the cupric state. 

After a time these reagents must be replaced by new solutions. The 
potassic hydrate solution may be used until each volume has absorbed 
40 volumes of carbon dioxide. Pyrogallic acid solution deteriorates 
rapidly and each volume should be expected to absorb only one or two 
volumes of oxygen. Cuprous chloride wdll absorb an equal volume of 
carbon monoxide. 

Portable devices for the analysis of flue gases are generally known as 
''Orsat^^ apparatus. Of these there are various types. The one devised 
by Fisher, shown in Fig. 245, has been used extensively. It consists of 
a measuring tube il/, surrounded by a water jacket, and a set of absorp¬ 
tion pipettes A, B, C, each filled with a reagent. Each of these pipettes 
(Fig. 246) consists of two glass vessels connected by a U-shaped glass 
tube at the bottom. One end of these pipettes is joined by means of 
a short piece of rubber tubing to a glass yoke T, which is designed for 
attachment at one end to a tube leading to the sampling bottle and at 
the other end to the measuring tube. A water bottle W is connected 
by a flexible rubber tube P to the bottom of the measuring tube. 

Before a sample of gas is taken into the apparatus for analysis, certain 
adjustments must be made. In the first place, the reagents in the 

’ When the temperature is lower than about 55°F., this reagent does not give 
satisfactory results. 
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pipettes must all be brought to a standard level at some arbitrary point, 
usually indicated by a scratch on the glass tube just below the short 
rubber tube connecting it to the manifold yoke. This adjustment is 
accomplished by opening, one at a time, the valves at the tops of the 
pipette and removing the air (or the gas, as the case may be) from it by 
lowering the water level in the measuring tube. The position of the 
water bottle determines, of course, the level of the water in the measuring 
tube. When all the air and gases remaining from a previous test have 



Fi(i. 245.—Fischer’s “Orsat” apparatus. 



“Orsat” apparatus. 


been expelled from the apparatus by filling the measuring tube and the 
tubes comprising the yoke with water, one of the tubes in the sampling 
bottle should be connected to the apparatus at e and by opening the 
valve in the yoke at that end and lowering gradually the level of the 
water in the measuring tube M a sample is obtained for analysis. This 
sample must be measured by the scale on the measuring tube at atmos¬ 
pheric pressure^ to the nearest tenth of a cubic centimeter.^ After 

^ The pressure of the gas is “atmospheric” when the water bottle is held so that 
the water in it and that in the measuring tube are at the same level. 

2 The scales of practically all measuring tubes used for gas-analysis apparatus are 
graduated in cubic centimeters. 
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the measurement has been made and recorded, if the cock in the tube 
leading to the absorption pipette containing the reagent for absorbing 
carbon dioxide is opened and then the water bottle is raised, all of the 
measured sample of gas can be forced over into the pipette. The reagent 
acts more rapidly on the gas if the water bottle is raised and lowered a 
few times. This movement of the water in the measuring tube agitates 
the gas and also the reagent and exposes more of the gas to the direct 
action of the absorbent. To increase the surface over which the reagents 
can act, the pipettes are filled with small glass tubes. When the gas has 
been in the first pipette for about a minute, it should be drawn back into 
the measuring tube with the level of the reagent brought back to the mark 
where it was originally, and the cock should be closed. The pressure 
of the gas is again made atmospheric and its volume measured. Now 
repeat this operation until two or three measurements are obtained 
which are alike, showing that all the carbon dioxide has been absorbed. 
Then the cock on the tube leading to the pipette containing the absorbent 
for oxygen can be opened, the gas forced over, and measured several times 
until a constant volume is observed. Finally the gas is passed into the 
third pipette for absorbing carbon monoxide, repeating the operation of 
measuring as with the other pipettes. 

The absorption of oxygen will usually require considerably more time 
than the determinations of the carbonic acid, CO 2 , and the carbon 
monoxide, CO, so that it is unnecessary to measure the gas until it has 
been exposed for about 3 minutes to the reagent. Soft-rubber bulbs or 
bags (see Fig. 246) should be attached by means of glass tubes to the 
corks shown in the pipettes on the farther side in Fig. 245 and are pro¬ 
vided to protect the reagents from absorbing oxygen from the air. Both 
pyrogallic acid and cuprous chloride will absorb oxygen from atmospheric 
air, so that the access of fresh air must be prevented. The rubber 
bags are useful also for producing alternately, with the pressure of the 
hand, suction and pressure for agitating the reagents. 

Allen-Moyer Gas Apparatus. —A form of flue-gas apparatus particu¬ 
larly suitable for portable use, in which renewals of broken parts can 
be cheaply and easily made, is illustrated in Fig. 247. This apparatus, 
designed by the late Prof. John R. Allen and the author,^ is also suitable 
for the use of engineers because the pipettes containing the reagents can 
be removed from the apparatus very easily for changing solutions. They 
can be emptied, refilled, and replaced in a very short time. The absorp¬ 
tion pipettes (Fig. 248) are made simply of two glass test tubes, the 
smaller one inside the larger one. The small test tube is held inverted 
and has a very small glass capillary” tube fused into its closed end. 
The outer tube is closed at the top by a rubber stopper through which the 
capillary portion of the inner tube passes. Very small glass tubes are 

^ Made by Bausch & Ix)mb CJo., Rochester, N. Y. 
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placed in the inner test tube to increase the surface for the action of the 
reagent. The complete pipette is held in place by means of a hard-rubber 
disk supported on brass screws. The level of the reagent in the pipette 
is established when the air in the inner tube is drawn out and the level 
of the liquid rises to a mark on the glass capillary tube. In the usual 
forms of the Orsat apparatus the pipettes invariably become leaky at the 
stopper provided for emptying. In the Allen-Moyer apparatus there is 
no opportunity for such leakage. 



When the sample of the gas is passed through the capillary tube into 
the inner test tube, the reagent is displaced and raises the level in the 
outer test tube. Similarly, when the gas is passed back into the measur¬ 
ing tube, the level falls in the outer tube, rises in the inner one, and is 
brought back to the original level at the mark on the capillary tube. 
Otherwise the method of operation is the same as described for Fischer's 
apparatus (Fig. 245). 

In this apparatus the measuring tube M and water bottle W are of 
the conventional type. The yoke is also similar, although usually made 
of hard rubber to avoid breaking it in transportation. It has also spring 
pinchcocks instead of ground-glass cocks. When glass cocks are used by 
inexperienced persons, all sorts of difficulties are likely to result, as it 
often happens that they are not pressed into their seats tightly enough 
to prevent the loss of gas or the entrance of air. Sometimes the glass 
cocks will be put into their seats so tightly that it is impossible to move 
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them without breaking. These difficulties, although met often enough 
in laboratory work, are still more frequently observed in practice. 

It sometimes happens that, when a, 6 , or c is open and the pinchcock 
on the tube between M and W is closed, the reagent in A, fi, or C falls, 
owing not to a leak, as is usually supposed, but to the weight of the column 
of the reagent expanding the gas. 

In case any of the reagent in A or B is drawn over into the measuring 
tube and into the water, the analysis is not spoiled but may be continued 
by flushing out the tubes with water through d or e, or the addition of 
a little hydrochloric acid to the water in W will neutralize the hydrate 



or pyrogallate and the washing may be 
postponed until convenient. 

To remove pipette Aj B, or C when 
necessary to renew the reagents, discon¬ 
nect the gas bags and the rubber tube 
which connects the glass capillary and 
rubber capillary tubes, loosen the support¬ 
ing screw, and lift the pipette out. The 



Fig. 249. —Hempel gas apparatus. Fig. 250. —Explosion pipette. 


rubber stopper may now be removed and solutions changed. 

Gases should be cooled well in the sampling bottle before beginning 
the analysis, because such gases change- 3 - 5 -^ of their volume for a variation 
of 1 °F., or a change of 1 per cent in volume for 4.91°. As an example, 
if the actual percentage of carbon dioxide is 10 , and during the time 
required for analysis the temperature changed 4.91°F., then there will 
have been a shrinkage of a volume of 1 per cent due to temperature, and 
the apparent volume of carbon dioxide will be 11 instead of 10 . 

Producer-gas Analysis.—For the analysis of producer and city 
illuminating gases, which are more complex than the flue gases from 
coal furnaces, the Hempel apparatus is generally used. Typical parts 
of the apparatus are shown in Figs. 249 and 250. It is slightly more 
difficult to operate and must be handled with greater care than a simpler 
portable apparatus arranged for flue-gas analysis. 
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Essential parts of the apparatus are shown in Fig. 249. They are the 
leveling tube L, a measuring burette B, and an absorption pipette P, 
In the operation of the apparatus the pinchcocks Ci and C 2 are opened 
and water which has been thoroughly saturated with the kind of gas to be 
analyzed is poured into the leveling tube until both tubes are about half 
full. Now raise the leveling tube L so that the water from it flows into 
the burette making it entirely full. The pinchcock C\ should then be 
closed and the rubber capillary tubing connected at the pinchcock to the 
pipe from which the gas for analysis is to be taken. After connecting 
to the gas pipe, again open the pinchcock Ci and draw a little more than 
100 cubic centimeters of gas into the burette. Allow the apparatus to 
stand a minute in this position to permit the water clinging to the sides 
of the burette to drain. Now close the pinchcock Ci and by raising the 
leveling tube compress the gas in the burette until the meniscus stands at 
the 100 cubic centimeter mark, close the pinchcock C 2 on the lower 
length of rubber tubing, and open the pinchcock C\ at the top of the 
burette momentarily to release the pressure in it. During this adjust¬ 
ment hold the leveling tube so that the surface of the water in it is at the 
same level as in the burette. There will be exactly 100 cubic centimeters 
of gas in the burette at atmospheric pressure if, when the pinchcock C\ 
is opened, the meniscus remains at the 100 mark. If, however, the menis¬ 
cus shifts from the 100 mark, the adjustment will have to be repeated. 

Constituents of the gas must be absorbed in the following order: 
(1) carbon dioxide, CO 2 , with potassium hydrate, KOH,^ or sodium 
hydrate, NaOH; (2) ‘^illuminant hydrocarbons^^ (ethylene C 2 H 2 , and 
benzine CeHe in combination) with saturated bromine water- or fuming 
sulphuric acid; (3) oxygen, O 2 , with caustic pyrogallic acid; (4) carbon 
monoxide, CO, with cuprous chloride; (5) marsh gas or methane, CH4, 
and hydrogen. Ho. 

A pipette must be provided for each of the reagents and those for 
pyrogallic acid and cuprous chloride which absorb oxygen must be pro¬ 
vided with water seals to keep out air. Both ends of the pipette for fum¬ 
ing sulphuric acid must be kept closed except when an absorption is 
being made. 

After the sample has been collected in the burette, the latter is 
att ached to an absorption pipette as shown in Fig. 249 by a short piece of 
bent glass capillary tubing. Before this attachment is made, the glass 
capillary should be filled with water by means of a medicine dropper, 
so as to avoid the error of entrapping air in this tubing. The pinch¬ 
cock Cl should now be open and by raising the leveling tube all the gas 

^ These reagents are the same as used in the flue-gas apparatus. 

^ Power Test Committee of A.S.M.E. specified bromine water for the hydrocarbons 
and sodium hydrate for carbon dioxide. Sodium hydrate is cheaper than potassium 
hydrate but the latter is the more rapid absorbent. 
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should be forced over into the pipette until the water from the burette 
fills the glass capillary connecting tube. Now close the pinchcock Ci 
and shake the pipette lightly to give the gas the best sort of contact 
with the absorption reagent. After being shaken for 2 or 3 minutes, the 
gas should be drawn back into the burette by lowering the leveling tube 
until the solution from the pipette fills the connecting capillary tube, 
when the pinchcock C\ should be closed. The surfaces of the water 
in the leveling tube and in the burette should now be brought to the 
same level. The reading on the scale observed after draining the burette 
for 2 minutes as read at the bottom of meniscus should be recorded. 
The process must be repeated as in the operation of an apparatus for flue¬ 
gas analysis until the reading is constant. In this way b}^' the use of 
the proper pipettes all the constituents of the gas to be analyzed, with 
the exception of hydrogen and methane, are determined. 

Explosion Tests. —For determining hydrogen and marsh gas, CH4, 
combustion tests are made in a pipette like Fig. 250, which is made par¬ 
ticularly strong for exploding gases over mercury. In the upper portion 
of the pipette A there are two very fine platinum wires which are fused 
into the glass from opposite sides. When the spark from an induction 
coil is made to pass through the air gap between the two wires, the 
explosive mixture contained is ignited. The explosion takes place with 
considerable force so that extreme precautions should be taken to observe 
that the glass cock C and a very strong screw type of pinchcock at the 
end of the capillary tube IJ are very firmly closed. It is also very desir¬ 
able to hold a wire screen about a foot square between the operator and 
the pipette when the spark is made and the explosion occurs. 

Procedure for the explosion pipette is as follows: Measure about 
15 cubic centimeters (call this m) of the n cubic centimeters of gas 
remaining after the absorption of carbon monoxide by the cuprous 
chloride and put the gas remaining in the burette into the pipette for 
absorbing carbon monoxide. Now transfer these 15 cubic centimeters to 
the explosion pipette and immediately thereafter measure about 85 
cubic centimeters of air and add this to the gas in the explosion pipette. 
Then after closing both cocks very carefully and tightly and shaking 
lightly to insure a good mixture, close the electric circuit momentarily 
through the induction coil to cause the explosion. After the explosion, 
and allowing a little time for cooling, measure the gas in the burette. 
Then pass the same gas into the carbon dioxide pipette, measure the 
absorption of carbon dioxide in the burette, call this V cubic centimeters, 
and finally pass the remainder into the oxygen pipette and determine the 
volume of oxygen remaining. 

In the explosion the following reactions took place: 

2II2 d" O2 ” 2H2O. 

CH4 + 2O2 = CO2 + 2H2O. 
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If y is the number of cubic centimeters of oxygen absorbed after the 
explosion, then since there is 20.8 per cent of oxygen by volume in air, 
and if x cubic centimeters of air were used to make the explosive mixture, 
the oxygen supplied is 0.208 x, and the oxygen used in the explosion is 
0.208 X — y. If it is assumed that the water is all condensed and has 
practically no volume, the equations above show, as regards volumes, 

Contraction of volume of gas {z) = -1112 + 2 CH 4 . (64) 

Oxygen used (0.208 x — y) = IH 2 + 2 CH 4 . (65) 

CO 2 formed (v) = CH 4 . ( 66 ) 

Subtracting Eq. (65) from Eq. (64), 

z — [0.208 X — y] — H 2 (in m cubic centimeters of residual'' gas), 

Tl 

and total H 2 in the original sample ~ ^ [0.208 x — 2 /]}. 

Similarly, methane in ni cubic centimeters of ^‘residual" gas is the 
absorption of carbon dioxide (v) and the total methane in the original 

, . nv 
sample is 

Volume of nitrogen, N, can then be obtained by subtracting the sum of 
all the constituents now determined from the original volume of the 
sample of gas. Calculation of nitrogen content is, however, a good check 
on the accuracy of the analysis. Thus if, as above, x cubic centimeters 
of air were mixed with the m cubic centimeters of “residual" gas for the 
explosion test, then 0.208 x was oxygen and {x — 0.208 x) was nitrogen. 
After the carbon dioxide and oxygen were absorbed from the products of 
the explosion, there were, say, w cubic centimeters of nitrogen remaining, 
so that the m cubic centimeters of ‘‘residual" gas contained w — (x — 
0.208 x) of nitrogen. Nitrogen content of the original sample is therefore 

- x(l - 0.208)]. 

Results of the analysis should be tabulated and the accuracy as regards 
the “nitrogen check" stated clearly. 

Coefficient of Dilution. —The coefficient of dilution is the ratio of the 
volume of the air supplied to the volume theoretically necessary to 
provide the oxygen required for combustion. It will now be shown how 
this coefficient can be calculated from an analysis of the flue gases. 

Oxygen, when combining with carbon to form carbon dioxide, pro¬ 
duces a volume equal to itself; thus 

C + O 2 = CO 2 , (67) 

and in forming carbon monoxide produces twice the volume 


2C + O 2 = 2CO. 


(68) 
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Now if we use symbols to designate the percentages by volume of the 
gases in a sample of flue gas as follows: 
a is the percentage by volume CO 2 . 
h is the percentage by volume O 2 . 
c is the percentage by volume CO. 
d is the percentage by volume N 2 (nitrogen). 

Then the volume occupied by the free oxygen in the air before com¬ 
bining with the carbon is a + 6 + i'C per cent, while that required 
for complete combustion is obviously a + c per cent. 

The coefficient of dilution^ is therefore, 


u -f- ^ ~h ’jc 

CL C 


(69) 


In a little different form the reactions given in the last paragraph may 
be stated (1) for carbon burned to carbon dioxide, 

2C + 2 O 2 = 2 CO 2 , (70) 

(solid) (2 vols.) (2 vols.) 

24 64 88 

and (2) for carbon burned to carbon monoxide, 

2C + Oa = 2CO. (71) 

(solid) (1 vol.) (2 vols.) 

24 32 56 

1 This coefficient is variously defined so that in stating a result the method of com¬ 
putation should be given. In the use of this formula, it is assumed that all the oxy¬ 
gen necessary for combustion is used for combination with carbon, no allowance being 
made for that required for the combustion of the hydrogen in the fuel. Many engi¬ 
neers write it thus: 

(1 h \c 

X =-^—. — , 

where the denominator as given is the air required for the kind of combustion as indi¬ 
cated by the analysis. 

Another method sometimes used is based on the nitrogen content. Practically all 
the nitrogen indicated by the analysis is due to the total air supplied, and using d for 
the percentage of nitrogen we can write for the nitrogen which was a part of that used 
for combustion, approximately, 

d - If (6 - |c), 

and 

d 

* d- l\(b - ^c)' 

Professor R. L. Daugherty, how'cver, states that this formula gives very accurate 
results in most cases, especially for oil fuels, A simplified variation of the last for¬ 
mula, assuming complete combustion of carbon to carbon dioxide, no hydrogen in the 
fuel, and that the air supplied contains 20.8 per cent by volume of oxygen, is stated 
thus: 


X 


20.8 

20.8 - h 



FLUEGAS ANALYSIS 


281 


The ratio of the theoretical volume of the carbon burned to carbon dioxide 
to the volume burned to carbon monoxide is the same as the ratio of the 
volume of carbon dioxide in the products of combustion to the volume of 
carbon monoxide. Further, since the ratio of volumes of the carbon 
vapor is obviously the same as the ratio of the corresponding weights, 
we may say that in a mixture of gases the ratio of the weight of carbon 
required to produce the carbon dioxide to the weight needed for the carbon 
monoxide is equal to the ratio of the volume of carbon dioxide in the mix¬ 
ture to the volume of carbon monoxide. 

The atomic weights of carbon and oxygen show [Eq. (70)] that the 
volume of oxygen is 23 ( 14 ) times as heavy as an equal volume of carbon 
vapor. It follows then that for burning 1 pound of carbon to carbon 
dioxide, 2| pounds of oxygen are required. The other reaction [Eq. (71)] 
shows that 1| pounds of oxygen are required to burn 1 pound of carbon 
to carbon monoxide. 

In the general case we are considering and using symbols a and c, 
respectively, as before to represent the volumes of carbon dioxide and of 
carbon monoxide in the flue gases, then the weight of the carbon burned 
to carbon dioxide is to the weight burned to carbon monoxide as a is to 

c, and if ““^ 7 ^ represents the weight of carbon burned to carbon dioxide 

c 

and ~ weight burned to carbon monoxide, then the weight of 

oxygen required per pound of carbon is 2| + n (<^) and the 

weight of air^ per pound of carbon is, in pounds, 




If z is the percentage by weight of carbon in the coal, then the weight 
of air in pounds per pound of coal is 




Volumetric analyses of the flue gases can be used also to calculate the 
weight of the products of combustion (flue gases) per pound of coal 
burned and also the heat units lost in these gases. For this calculation 
the relations of the molecular weights are important. 

Molecular weight of CO 2 = 44; O 2 = 32; CO = 28; N 2 = 28;C = 12 . 

1 Weight of air may be checked with Hale’s and Jacobus’ Eqs. (76), (77), and 
(78), pp. 317, 330; also by the approximate method that J pound of air needed per 
1000 B.t.u. in heating value of coal or oil fuel. 
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Now in a sample of x pounds of flue gases in which the percentages by 
volume are represented by the symbols a, 6, c, d, the relative percentages 
by weights of the constituents will be 


r^r\ 4:4q- ^ 326 r^f'\ 28c 28d , •!. t xu 

CO 2 =-; O 2 = —; CO = —; N 2 = —; and we can write further 

X X X X 

Weight of carbon burned to CO 2 in x pounds of gas = il X 44a = 12a. 
Weight of carbon burned to CO in x pounds of gas = H X 28c = 12c. 
Total weight of carbon burned in x pounds of gas = 12(a + c). 

Total weight of carbon burned per pound of gas = 12 ^^ 


Total weight of gas generated per pound of carbon = 


12(a + c) 


Of this total weight of gas as expressed by the last equation the 
constituents are distributed in percentages by weight as follows; since the 
weight of carbon dioxide in samples per pound of carbon burned is, 

44(ix 

12x(a + c) 

We may then write 

CO. = = pounds; 

and, similarly, 

,, 32b , 

= iWTT) 

2Sc 

^ 12(a + c) 

TVT 28 d , 

Total weight of gases w„ per pound of coal burned, if there is z per 
cent^ of carbon in the coal, is, in pounds. 


2(44tt + 326 H- 28c + 28d) 
12 (a + c)100 


(74) 


Now if we represent by t; and ta the temperatures, respectively, in 
degrees Fahrenheit of the gases in the flue and of the air entering the 
furnace, then the heat lost in the flue gases Q„ per pound of coal is, if 
values of specific heats are inserted,^ 


Q, = ^(0.217«)i + 0.217W2 + 0.245W3 + 0.244^4) (</ - Q. 


^ It may be assumed for very approximate values that z — \ — y where y is the 
percentage of ash and moisture in the coal. 

2 This method of finding the heat escaping in the flue gases may be used to correct 
determinations made with the Junkers calorimeter (p. 239) when the products of 
combustion are discharged at a temperature different from that of the room. 
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The total heat generated Qq by the more or less incomplete combustion 
of 1 pound of coal when there are a and c percentages by volume, respec¬ 
tively, of carbon dioxide and carbon monoxide in the flue gas is 

«" - I5o(jT-c X + IT-o ^ ™ 

since the heat of combustion of carbon when burned to carbon dioxide is 
approximately 14,600 and when burned to carbon monoxide is about 
4400 B.t.u. 

Finally, if Qp is the heat from perfect combustion or the ^‘calorific” 
value in B.t.u. of a pound of coal, then the efficiency of the furnace^ = 

The percentage of heat from 
perfect combustion lost in the flue 

Qa 

gases = 

Recording Apparatus for Deter¬ 
mining Carbon Dioxide. —Several 
kinds of apparatus for making a con¬ 
tinuous record of the percentage by 
volume of carbon dioxide in flue gases 
depend on utilization of its change 
in absorption by potassium hydrate. 

Another kind depends upon the 
change of pressure of a stream of gas 
flowing through two apertures, when 
the carbon dioxide is absorbed. 

This is the method shown diagram- 
matically in Fig. 251. The gas to be 
analyzed is drawn through the two 
apertures at A and B by a constant 
suction produced by an aspirator. 

If these apertures are kept at the same temperature, the suction or 
partial vacuum in the chamber between the two apertures will remain 
constant as long as all the gas passes through both apertures; if, however, 
part of the gas be taken away or absorbed in the space between the 
apertures, the vacuum will increase in proportion to the amount of gas 
absorbed. It is evident that, if a manometer or light vacuum gage be 
connected with this chamber, the amount of gas absorbed will be indi¬ 
cated by the vacuum reading. 

The diagram shows the more important parts of the instrument. 
Gas is drawn from the last pass or uptake of the boiler by means of the 

1 For the calculation of related quantities see **Heat Balance^’ (A.S.M.K. Rules), 
pp. 315 to 322. 
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aspirator through a preliminary filter located at the boiler, then through a 
second filter on the instrument as shown, and finally it passes through 
aperture A, the absorption chamber, and aperture J5, to the aspirator, 
where it leaves the instrument with the exhaust steam. 

Electric Carbon Dioxide Meter. —In essential parts, the electric carbon 
dioxide meter shown in Fig. 252 consists of two gas cells A and By each of 
which contains a spiral of platinum wire, with provision for supplying 
electric current to each of the platinum spirals from a storage battery S. 
The cell A is filled with air and sealed for a comparison standard. The 
other cell B is arranged so that the sample of flue gas to be tested passes 
through it. The current from the storage battery S is controlled to a 
constant value by means of the rheostat R and the ammeter A. The 
current from the battery S, as shown in the figure, passes through the 
platinum spirals A and B on one side and the ‘'ratio coils^’ C and D on 
the other. If the gases surrounding the wires are alike in thermal conduc¬ 
tivity, heat transmission to the metal walls of the two cells will be equal, 
and the platinum spirals will be heated to the same temperature. 



Fig. 252.—Wheatstoiie-bridge circuit for electric carbon-dioxide iiieaHuring device. 


The thermal coiicluctivity of carbon dioxide is less than that of air by 
approximately 40 per cent; and since the other constituents of flue gas, 
such as carbon monoxide, methane, nitrogen, and oxygen, have sub¬ 
stantially the same conductivity as air, the difference in temperature 
under these conditions between the platinum spirals A and B will vary 
with the amount of carbon dioxide in the sample of flue gas being tested. 

The arrangement of battery, rheostat, and the four resistances, with 
the addition of the galvanometer G and the resistances F and 11, as shown 
in the figure, make up a circuit which is suitable for resistance measure¬ 
ments by the Wheatstone-bridge method. In the operation of this 
device, if the resistances are ‘‘balanced'' when air is passed through 
the platinum spiral B, the bridge will be thrown out of balance when 
flue gas containing any appreciable amount of carbon dioxide passes 
through the platinum spiral B, and there results a deflection of the gal¬ 
vanometer G nearly proportional to the amount of carbon dioxide in the 
sample. 
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Heat is conducted away from the platinum spiral in the cell B by the 
flue gas less rapidly than from the filament in the air cell A. With 
the same flow of electric current in the two platinum spirals, the spiral 
exposed to the flue gas will be warmer than the one in the air cell. Since 
the resistance of platinum changes with the temperature, the Wheatstone 
bridge will be unbalanced as soon as any carbon dioxide is present in the 
gas cell B, The scale on the galvanometer may be marked so that the 
pointer of the galvanometer will indicate on it directly the percentage 
of carbon dioxide in the flue gas. This type of apparatus may be made so 
sensitive that it will indicate a change of per cent of carbon dioxide in 
air. 

An electric carbon monoxide indicator has been designed on the same 
general principles as the electric carbon dioxide meter. The operation of 
the carbon monoxide meter is based on the catalytic action of a heated 
platinum wire in producing combustion of carbon monoxide with oxygen. 
The essential parts of the instrument are two platinum wires which are 
heated by an electric current. These wires pass through the center of 
cylindrical chambers, each being in a separate metal block. One of the 
wires is the ^‘measuring wire,^^ which is in the chamber through which 
the sample of gas passes, and the other is the comparison wire,^^ which is 
maintained at a constant temperature by the electric current. A small 
amount of air is admitted to the cylindrical chamber surrounding the 
^'measuring wirc^^ to provide oxygen for combustion. The catalytic 
action causes the carbon monoxide and the hydrogen in the flue gas to 
burn along the surface of the ‘^measuring wire,’' thereby raising its 
temperature above that of the ^'comparison wire” and increasing the 
resistance of the "measuring wire” in almost exact proportion to the 
amount of carbon monoxide and hydrogen gases in the sample of flue 
gas. The difference in resistance between the "measuring wire” and 
the "comparison wire” is measured by the Whcatstone-bridge method 
with a suitable galvanometer. The dial of the galvanometer is calibrated 
in percentage of carbon monoxide only. 

Smoke Determinations.—The method most generally used to deter¬ 
mine the density of smoke is with a Ringelmann chart, which is shown 
in reduced scale in Fig. 253. Cards ruled like those shown, but covering 
a much larger area, are placed in a horizontal row about 50 feet from the 
observer and in line with the chimney, together with plain white and 
black cards. The observer glances rapidly from the chimney to the cards 
and judges which one corresponds most nearly to the color of the 
smoke. The lines in cards 1 to 4 are, respectively 1, 2.3, 3.7, and 5.5 
millimeters thick and the spaces are 9, 7.7, 6.3, and 4.5 millimeters. 

A soot-collecting method is sometimes used. It is applied by sus¬ 
pending a narrow plate by a wire from the top of the flue. This plate 
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is temporarily withdrawn every 2 hours and the collection of soot removed 
and weighed. 

In another apparatus adopted by the Chicago Commerce Association 
a continuous sample of gas is drawn from the chimney by means of a 
special Pitot tube and exhauster. Solid particles in the gas collected 
are entrapped in a filter. The collecting tube is so arranged that the 
rate of flow through the apparatus is the same as that through the 
chimney, so that, when applied to chimneys of different areas, the weight 
of soot, etc., collected is a measure of the density of the smoke. 



Fig. 253.—Ringelmann smoke chart. 



Eddy smoke recorder^ is one of the few devices for automatically 
recording the density of smoke. The apparatus consists of a steam 
ejector which draws a continuous flow of gas from the chimney and dis¬ 
charges it through a nozzle against a paper-covered drum revolved by 
a clock mechanism. The soot in the smoke makes its own record on 
the chart. 

A.S.M.E. Test Code for Smoke Determination.—In determining smoke density 
the Ringelmann charts shall be used, although the overall dimensions of the charts 
used shall be much greater. In taking observations the Ringelmann charts should 
be placed in a horizontal row, 50 feet from the observer and in a line between him 
and the chimney. The observer glances rapidly from the chimney to the cards and 
judges which one corresponds to the color density of the smoke. Readings should 
be taken every minute, or more often if the variations of sn)oke density are so rapid 
as to cause a change of one-half in the smoke-density number on this scale. Careful 
note should be made of the sky or other background against which the observations 
are made, as these conditions affect the apparent color of the smoke. 

Readings should be recorded according to the scale of values shown in the table 
on page 287. 

It is to be noted that the foregoing rules apply to kinds of smoke in which the 
particles are black. In some cases, however, the smoke may be inherently of some 
other color, as, for instance, some shade of brown. For such cases the same charts 
and method shall be used. The observer will now grade the smoke by number accord- 

‘ Hamler-Eddy Co., Chicago. 
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ing to its density in terms of the base color other than black, whatever it is. For 
instance, if the color be brown, a smoke of 100 per cent broWn smoke shall be recorded 
as card No. 5, etc. 


Card 

Smoke density, 
per cent 

Description 

No. 6 (black). 

100 

Dense black 

No. 4.... 

80 

Mftdiiim blank 

No. 3. 

60 

Dense gray 
Medium gray 
Light gray 

Trace 

No. 2. 

40 

No. 1. 

20 

Between No, 0 and 1. 

Trace 

No. 0 (white). 

0 

Clear 



Photoelectric Cell as Smoke Detector .—Methods have been developed 
for the amplification of photoelectric impulses by means of radio vacuum 
tubes. The photoelectric impulses can be amplified as much as a million 
times by means of a single vacuum tube, having in view a power output 
sufficient to operate directly the usual type of mechanical 
relay. A device of this kind, as shown in Fig. 254, is a 
combination of what is practically a standard three- 
electrode vacuum tube with a photosensitive control 
electrode. The lower part, resembling an ordinary 
radio vacuum tube, consists of an oxide-coated filament 
which operates at a temperature below visual emission 
and the usual grid and plate, all mounted on a standard 
base. One-half of the inside of the upper part of the 
cell is coated with a substance, such as an alkali metal, 
which emits electrons under the influence of light. To 
prevent any possibility of light from the filament falling 
on the sensitive coating, the upper part of the cell is 
shielded from the amplifying portion of the tube by 
metal shields, which serve also to connect the grid to the 
coated surface of the upper part of the cell. The 
electron collector, shown as a loop in the upper part of 
Fig. 255 is connected to the plate of the amplifying 
element. Great care is taken to prevent the alkali metal 
coating from condensing appreciably on the insulating Radio vacuum 
parts of the cell. The connections for this cell when detecting d^ce. 
used as a smoke detector are shown in Fig. 255. When in 
the dark, the action of the upper part of the cell is negligible, and the lower 
part acts as an ordinary vacuum tube. The very high negative charge 
(grid bias) impressed on the grid by the battery completely neutral¬ 
izes the attraction of the positive charge on the more distant plate for the 
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electrons given off by the filament, so that the current in the plate’' or 
“B” battery circuit is practically zero.^ As long as no current is flowing 
in the grid circuit, the effect of the high resistance in this circuit is also 
negligible. 

If, however, light falls upon the sensitive coating, electrons are given 
off and these are attracted to the collector by its positive charge, which 
equals the sum of the B and C battery potentials. The resultant current 
is proportional to the brightness of the light which falls on the sensitive 
coating, being independent of the applied voltage, provided this is suffi¬ 
ciently great to attract to the collector all the electrons that are given off. 
This current in the light sensitive part of the cell is very small, being only 
a fraction of a microampere. It does not have any appreciable effect 
on the relay. It is, however, sufficient to produce a voltage drop over 

the high resistance in the grid circuit 
Sensitive partly or even completely to neu- 

tralize the negative grid bias on the 
\ three-electrode amplifier, permitting a 

\r\pr flow of current in the amplifier plate 

I circuit which is many times that in the 

I Q upper part of the cell. This current is 

_j ' ’ L_ Aiannfn sUll quito SHiall (several milliamperes) 

g I Rdayl^r * but is sufficient to actuate the relay. 

li _ Within limits, this amplifier plate cur- 

I rent is proportional to the amount of 

o| si|,|,|J light which falls on the light sensitive 

2 j 6 Volt A Battery element of the upper cell. There is, 

Hi|i—Mil'll-.Hi|J of course, a certain time lag between 

C Battery B Battery 

30 to 45 Volts 90 to 150 Volts the fall of light on the sensitive coat- 

FiG.255.-—Diagram of photoelectric device j™ resultant floW of Current 

for smoke observations. ^ 

in the plate circuit of the amplifier. 
This time lag is less than one ten-thousandth of a second. 

When used as a smoke detector, this cell is located in the end of a tube 
to prevent light from an outside source affecting it. A beam of light is 
passed over the apparatus to be protected and falls on the sensitive coat¬ 
ing, thus maintaining current in the relay circuit and hence keeping the 
alarm circuit open. The alarm circuit, such as a bell, may be of any 
desired type which can be operated from a relay. Any smoke arising 
from the apparatus will diminish the intensity of the beam of light, caus¬ 
ing the relay to actuate the alarm. The types of apparatus that depend 
for their results on color are not correct indicators of the amount of white 
or nearly white solids in the samples tested, as, for example, nearly white 
ashes. 

^ For further information regarding radio vacuum tubes and photoelectric cells, sec 
Moyer and Wostrel, '‘Practical Radio,” 4th ed., pp. 51 to 77 and 365 to 378. 





CHAPTER X 


A.S.M.E. CODE ON GENERAL INSTRUCTIONS REGARDING 
POWER PLANT TESTS 

Objects.—Ascertain the object of the test. This object should be 
kept in view during preparations for the test and in the conduct of the 
test itself. The methods to be used and the accuracy sought should be 
in accord with the object in view. 

A.S.M.E. Power Test Codes .—The Power Test Codes as given here and in the other 
chapters have been adopted by the A.S.M.E.; nevertheless all codes are potentially 
subject to revision to adjust them to changing conditions of power plant operation. 
The codes for Steam Boilers and other Steam Generating Units, Steam Engines, Steam 
Turbines, Internal Cx)inbustion Engines, Displacement Compressors and Blow¬ 
ers, Refrigerating Plants, Condensers, Feed-water Heaters, Centrifugal and Rotary 
Pumps have be(m completed and it is unlikely that there will be important changes. 
In some of the codes the parts relating to tests which arc not often made are abridged. 

Among the many ol^jects of i)erformance tests, the following may be noted: (a) 
determination of capacity, efficiency, or regulation, and the (!omparison of these with 
standard or guaranteed results; (h) comparison of different conditions or methods of 
operation; (c) analysis and interpretation of plant performance; (d) comparison of 
different kinds of fuel; (c) determination of the effects of changes of design or propor¬ 
tion upon capacity or efficiency. 

If questions of fulfilment of contract are involved, there should be a clear under¬ 
standing in writing between all parties as to the operating conditions which should 
obtain during the trial, the methods of testing to be followed, corrections to be made 
in case the conditions actually existing during the test differ from those specified, 
and all other matters about which dispute may arise, unless these are already expressed 
in the contract itself. 

Preparations.—Ascertain and record manufacturer's serial number, 
plant designation, or other means of identification of each unit involved 
in the test. 

Examine and record the general features, arrangement, and condition 
of the apparatus and plant, and, if needed, make sketches to show the 
arrangement and any unusual features. As far as possible, examination 
should be internal as well as external. 

Determine the principal dimensions of the apparatus to be tested, 
particular attention being given those bearing on the objects in view. 

If the object of the test is to determine the highest efficiency or 
capacity obtainable, any physical defects of operation tending to make 
the result unfavorable should first be remedied. 

In all tests in which the quantity of gas, vapor, or liquid flowing in 
pipes or ducts is determined, or in which such quantity forms an item in 
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the calculation of results, precautions must be taken to guard against 
leakage. Such precautions are necessary in the case of blow-off connec¬ 
tions, drips and drains, cross-connections, isolating valves, packing and 
joints of all kinds, etc. All outlets and inlets other than those actually 
required in the test should be blanked off or so arranged that any leakage 
in or out can be observed. A leakage test to determine tightness and to 
measure unpreventable leaks should be made in every instance. 

Instruments and Testing Apparatus. —The choice of instruments and 
apparatus for any test must be determined by local conditions, adapta¬ 
bility, and availability, but in all cases the types called for in the various 
codes should be used. In making this choice, the degree of accuracy 
desired should be one of the guiding factors. 

It should be noted that the readings of various instruments are gen¬ 
erally combined to obtain a given result, and that under such conditions 
the effect of the probable error of each instrument upon this result should 
be considered in making a choice. It should also be noted that the 
measurement in any test which is least capable of accurate determination 
often determines the accuracy obtainable in the statement of the results 
of the test, and that under such conditions the attempt to measure other 
values to greater degrees of accuracy may be simply a waste of time and 
effort. 

All instruments and testing apparatus used should hav^e designating 
numbers or other means of identification firmly attached and such identi¬ 
fications should be entered on the log sheets. It is advisable to mark on 
this identification tag a statement indicating the degree of accuracy to 
which the instrument is to be read, for example, ‘^Read to the nearest 2 
degrees.” This will assist in eliminating needlessly exact as well as 
seriously inexact data. 

All instruments and testing apparatus should be calibrated, and any 
which may give trouble if not approximately correct and all which may 
be broken in use should be calibrated in advance. Additional calibrated 
instruments should be provided to replace any which may be broken 
during the test. Any instrument which may not maintain its calibra¬ 
tion throughout a test should be calibrated before and after the test and, 
if necessary, at intervals during its progress. Instruments and testing 
apparatus should always be so arranged and installed as to give maximum 
accessibility and best possible illumination in order to facilitate use. 

Notebooks or log sheets should be so arranged that all readings of 
one group of instruments or all readings made by one observer appear 
in one book or on one group of sheets. The pages or sheets upon which 
entries are to be made should be ruled in advance, should be given proper 
identification marks, should contain space for the date and the name of the 
observer, and should contain proper headings and subheadings. All 
such sheets should have at least one column in which time is recorded. 
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When rates are to be determined by differences between observations, a 
time column should accompany the observation column. Space for 
remarks should be provided on every sheet. 

A desk or table from which the tests may be directed and at which the 
records may be assembled should be provided in test^ requiring many 
observers. This should be located with due regard to the positions they 
occupy. A signal system or a system of intercommunication is conven¬ 
ient and may be provided. 

The person in charge of a test should have the aid of a sufficient 
number of assistants to permit him to give special attention to any part 
of the work whenever and wherever it may be required. He should 
make sure that the instruments and testing apparatus continually give 
reliable indications, and that the readings are correctly recorded. He 
should also keep in view, at all points, the operation of the plant or part 
of the plant under test and see that the operating conditions determined 
on are maintained and that nothing occurs to vitiate the data. In 
tests extending over long periods of time, there should be a captain or 
supervisor for each shift, this supervisor to act as the person in charge 
as just outlined. 

Starting Conditions.—It is advisable to make one or more preliminary 
tests to determine the adequacy of the instruments and apparatus and of 
the training of the personnel. When conditions do not permit such pre¬ 
paratory runs, operations may be started and the time at which conditions 
become satisfactory can be chosen later as the starting time of the test. 
Before the test begins or before continuing the test after an important 
change of conditions during operation, the apparatus should be run 
under normal conditions for a sufficient length of time to bring about 
equilibrium with respect to thermal or other factors, except in cases in 
which the effects of the variation of such conditions are to be determined 
or included. These exceptions include such effects as result from starting 
and stopping, holding units ready for start, and banking fires. 

In preparation for a test to demonstrate maximum efficiency, it is 
desirable to make preliminary tests to determine the most advantageous 
conditions. 

Operating Conditions.—In all tests in which the object is to determine 
the performance under conditions of maximum efficiency, or where it is 
desired to ascertain the effect of predetermined conditions of operation, 
all such conditions which have an appreciable effect upon the efficiency 
should be maintained as nearly uniform during the trial as the limitations 
of practical work will permit. On the other hand, if the object of the 
test is to determine the performance under working conditions, no 
attempt at uniformity should be made unless this uniformity corresponds 
to the regular practice, and when this is the object the usual working 
conditions should prevail throughout the trial. 
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Records. —Records of a test are divided into two classes: (a) records 
of preliminary examination and calibration; (6) records of observations 
made, and events occurring during the test. 

Records of both classes should be made with an original and a sufficient 
number of carbon copies so that one copy may be given to each interested 
party. All records should be signed by the respective observers and 
countersigned by the person in charge of the test. 

A log of the observations made during the test should be entered in 
the notebooks or on the sheets in such manner that the test may be 
divided into suitable periods to show the degree of uniformity attained. 

The readings of instruments from which averages are to be obtained 
should be recorded at intervals fixed by the extent of their variations. 
Intervals of from 15 to 30 minutes are usually sufficient, but there are 
cases in which intervals of less than a minute are necessary on account of 
rapid and irregular variations. 

Ordinarily the intervals between readings should be regular, but in 
some cases such regularity is not required and possibly not even desired. 

It is not always necessary to read all instruments at the same intervals, 
nor is it always necessary to read simultaneously those which are read 
at the same intervals. In cases in which the average of a long series of 
readings is used in calculating results, regularity rather than the attain¬ 
ment of simultaneous readings should be the guiding principle. In cases 
in which each set of observations is used for calculating a result and the 
results are then averaged, simultaneous readings are all-important. 
When observations are made to determine rates by sums or differences, 
the exact time of making the observation is necessary. Whenever 
possible, check readings should be made after an observation has been 
recorded. In case of error in a recorded observation no erasure should 
be made. A line should be drawm through the incorrect entry, the 
correct reading should be recorded above, and an explanation entered 
under remarks. 

The records made during the test should show the extent of fluctuation 
of the various instruments in order that data may be available for 
determining the effect of such fluctuations on the accuracy of the cal¬ 
culated results. A record should never consist of a series of tallies as is 
sometimes made when loads of given weight are discharged at odd 
intervals or under similar repeated conditions. In such cases each weight 
and the time when taken should be recorded. 

Observations of basic character in a given test should be made and 
recorded in duplicate by two observers when the importance of the test 
warrants such precautions. In order that the readings made by these 
observers may be in accord before it is too late, the readings should be 
compared and an agreement reached soon after the observations are 
made. 
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A running graphical log of the principal quantities recorded during 
a test should be maintained. Such graphical records serve to call atten¬ 
tion to undesirable or unintentional lack of uniformity in the conduct 
of operations and to detect errors of observation or record before it 
is too late to correct them. Such graphical logs should be arranged so 
that time is plotted horizontally and quantities vertically as in Fig. 256. 

Profile paper will be found very convenient for the plotting of graph¬ 
ical logs, and where rates are concerned it is advisable to use Aritholog^' 
paper. The latter is divided so that the vertical scale is logarithmic, while 
the horizontal scale is arithmetic. 
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Fiq. 250.—Graphical chart of a boiler trial. 

Every event connected with the progress of a test, however unimpor¬ 
tant it may appear at the time, should be recorded on the proper log 
sheets with the time of occurrence and the name of the observer who 
noted the event and entered the record. 

Working up the Data. —It is desirable to work up the data approxi¬ 
mately during the progress of the test. This tends to call attention 
to omissions and to irregularities of various parts. Calculations of this 
kind are, however, to be regarded as auxiliary testing methods and the 
results obtained should not be used in the preparation of the final report 
unless the test is intended to be of approximate nature and the result to 
be so given. All parts of the record which show evident irregularities 
must be either corrected or eliminated in order that the final results 
may not be knowingly in error; and if satisfactory adjustments cannot 
be made, the test must be repeated. All adjustments of this type should 
be noted and explained in the final report. 

Two distinctly different methods are available and it is necessary 
to recognize the conditions under which each may be used. These 
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methods are; (a) the method using primary averages, in which all read¬ 
ings of each instrument are averaged for a given period and these averages 
are then used in computing final results; and (6) the method using 
final averages, in which the final result is calculated from each set of 
simultaneous observations and the final results are then averaged as a 
grand average. 

The choice between these two methods of computing results should 
be determined by the type of formula involved and the degree of accuracy 
desired. When the formula involves the sum or difference of first 
powers of the observed quantities, either method will give the same 
numerical results. When the formula involves the product or the 
quotient of first powers, or fractional powers or powers greater than the 
first, the method of primary averages will generally give approximate 
results only. 

In working out results and in making^ reports, the principles of the 
theory of errors may be applied to determine the observations which 
should be rejected and the manner of treating the data obtained, and to 
assign the relative importance of the various quantities determined. 

Degree of accuracy attainable is of great significance. Attainable 
accuracy of results is determined primarily by the accuracy of the obser¬ 
vations upon which the results rest. There are three distinctly different 
sources of error to be considered exclusive of gross blunders. These are: 
(a) instrumental; (6) errors of observation conforming to the laws of 
probability; and (c) errors resulting from the personal equation of the 
individual observers. 

The instruments used in testing always have definite limits of accu¬ 
racy. Calibration does not affect this property. The correction factors 
determined by calibration merely serve to correct the indications of the 
instrument by such an amount as to bring the results to the degree of 
accuracy of which the instrument is capable. 


For example, a given temperature-measuring device may be so constructed that 
it can be read to the nearest 0.1 °F. Calibration of this thermometer may show that 
it reads 0.6°F. high at one part of the scale and that the error gradually changes along 
the scale until it reads 0.2°F. low at another distant point. These correction factors 
are accurate only to the first decimal point, as given, and the fact that the thermom¬ 
eter has been calibrated does not make it possible to read closer than 0.1 °F. Cali¬ 
bration does, however, convert, this device into an instrument which can be used for 
reading temperatures to the nearest 0.1‘"F., which might be called the scale of accuracy 
of the instrument. Again, although this thermometer may have the properties indi¬ 
cated above, it may be used under such conditions that it cannot respond to temper¬ 
ature changes as rapidly as tliese occur in the medium, the temperature of which is 
being measured. Obviously, this would introduce another type of instrumental error. 
Moreover, this error is of such a type that the scale accuracy of the instrument is 

^ For a discussion of the theory of errors, see Marks, “Mechanical Engineers^ 
Handbook,“ 2d ed., pp. 119-121. 
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really not usable, unless by chance temperature changes happen to occur in such a 
way that the plus and minus errors cancel. 

The property discussed might be referred to as the sensitivity of the 
instrument with respect to time. Further, the instrument might be so 
constructed or in such a condition that, once having attained a position 
of rest, it might require more than a 0.1°F. temperature change to cause 
it to move to a new temperature indication. This property may be 
referred to as the sensitivity of the instrument with respect to displace¬ 
ment or motive impulse. Obviously, the scale accuracy of the instru¬ 
ment may not be attainable if the instrument is not sufficiently sensitive 
in both respects referred to above. It is not, therefore, sufficient to 
consider the scale accuracy of instruments in an analysis of the accuracy 
attainable. It is necessary to consider the accuracy attainable under the 
given conditions of use. 

Errors of observation conforming to the laws of probability are neces¬ 
sarily both positive and negative and with a sufficient number of observa¬ 
tions of a given quantity they will practically cancel. Under the 
conditions prescribed for the Power Test Codes the time intervals 
between readings and the length of tests are intended to be such that 
errors of this kind will cancel to the extent required. 

Errors due to the personal equation of the observer are of many sorts 
and in a sense are not subject to correction. Some observers are notice¬ 
ably quicker than others and will therefore yield more accurate results 
when dealing with (juantities in a state of flux. Some observers con¬ 
sistently read a given instrument low and others consistently read it 
high. Some observers can estimate readings between scale divisions 
more accurately than others. Some observers have so persistent a 
memory for past observations that they unconsciously allow this memory 
to influence subsecjuent observations, while others seem to be absolutely 
unaffected in this respect. No method can be prescribed for guarding 
against errors arising from this source. The best that can be done is to 
distribute the available observers to the best advantage and to check the 
performance of each before the test or periodically during the test by hav¬ 
ing several observers make the same determinations independently. 

These various sources of error should be studied before a test is 
started and they should be given proper consideration during the conduct 
of the test. If such precautions are taken, the probable accuracy of the 
different groups of observations will be known when these are used in 
working up results. It is then necessary to determine the way in which 
the known degree of accuracy will affect the results of the different calcu¬ 
lations which have to be made. Accuracy of observations is commonly 
referred to percentage —for instance, a given observation is said to be 
accurate within plus or minus 1 per cent. It is more convenient to inter- 
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pret this form of expression in terms of significant figures, as it makes the 
attainable accuracy more obvious. 

In general, that numerical value having the minimum number of 
significant figures determines the maximum number of significant figures 
which need be retained in any of the numerical values entering into a 
calculation and also determines the maximum number of significant 
figures which should be included in the results. In dropping significant 
figures to adjust to the accuracy of that numerical value having the 
minimum number, it is proper to retain a number of figures, one greater 
than this minimum, until the final result is obtained. This is done to 
prevent a possible cumulative error. In dropping significant figures in 
making adjustments of this sort, one unit is added to the last figure 
retained if the first discarded figure is 5 or more. 

The effect of using the general rule for significant figures given in the preced¬ 
ing paragraph should be studied in each case to make certain that it is completely 
applicable. 

In recording results of tests it is useless and often misleading to give figures which 
indicate a greater degn'.e of accuracy than that actAially attained. Results should be 
recorded in such a way as to indicate cl(\arly their probable accuracy. Thus the 
statement that the water rate of a certain turbine and generator under certain steam 
conditions, a certain back i)ressure, and a certain load is 12.1 pounds per kilowatt- 
hour is incomplete. It would be complete if exprejssed as 12.1 plus or minus 0.1 or 
12.1 plus or minus 0.05 pounds or other combination which indicates the limits of 
accuracy. 

In recording results in this way it is particularly necessary to maintain a complete 
view of the situation and not to be misled by the accuracy attainable with the instru¬ 
ments and methods of test used in a given case. For instance, it might be possible to 
conduct a complete boiler test in such a way that the figure attained for overall effi¬ 
ciency is accurate to ±1.0 per cent, in so far as the indications of instruments and 
the handling of observations are concerned; but tests with different firemen or with 
the same firemen on different days might show efficiencies varying by as much as 
±2.0 per cent or more for the same rate of steaming and with all other conditions as 
nearly the same as possible. Obviously, such tests should be reported in such a way 
as to indicate their true worth. This might be done by stating in the report that in so 
far as instrumental and other similar factors are concerned the result is accurate to 
within ±1.0 per cent and that it is believed to be representative of the best attainable 
efficiency within +1.0 and —1.0 per cent. Or the report might state that, with the 
equipment in the condition under which it was tested and with the personnel operating 
that eqiiipment during the test, a result representing the true value to ±1.0 per cent 
was obtained. It is essential to bear in mind the fact that to most persons numbers 
mean exactly and completely what they read and that this fact has particular signifi¬ 
cance in litigation. 

It is also essential to note that the sort of averaging which is done by 
drawing a line or a curve which seems best to average the results of a 
test is good or bad, depending upon the kind of results which are averaged. 
For instance, if a boiler is tested at, say, five different rates of steaming, 
and only one test is made at each rate, the drawing of a so-called '‘aver- 
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age^^ curve or line means little. On the other hand, if three tests are 
made at each rate of steaming, a curve drawn so as to take account of 
the average of each group of plotted points is of real significance. 

Report. —The report of a test of considerable magnitude should be 
divided into three distinct parts, as follows: (1) brief statement of object, 
results, conclusions, and recommendations; (2) complete presentation 
of the leading facts regarding the entire work; (3) appendices giving 
details such as methods of calculation, methods of calibration, descrip¬ 
tions of special testing apparatus, results of preliminary or special tests, 
etc. 

The complete statement referred to in Item 1 above should be subdivided as 
follows: (a) object, giving authority, preliminary agreements, and other relevant 
information; (6) description of apparatus tested; (c) methods of testing, giving con¬ 
ditions of operation, location, arrangement and method of using instruments and 
testing apparatus, and personnel; (ri) discussion of the data and results both as to 
accuracy and as bearing on the object of the test; (e) leading conclusions; (/) tables of 
data and calculated results or graphical expositions of the same; (g) charts not included 
under Item (/). 

Reports of tests of lesser magnitude should follow the same general 
plan. 

In preparing a report the work should be so done that the report will 
be self-contained in all respects. The best test of such a requirement is 
to assume that the report may be brought into court in connection with 
litigation involving the object for which the test was made. If the report 
can stand alone under such conditions, it may be considered complete. 

The standard units on which to base the various measures of capacity 
and the standard forms of expressing efficiency and economy to which 
the codes apply are as follows, as defined in the A.S.M.E. codes: 
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Units of Output 

Apparatus Units 

Stationary boilers and other steam- (a) Heat absorbed by water and steam, in B.t.u. 

generating units. per hr.^ 

(6) Actual evaporation, in lb. of steam per hr., at 
observed steam pressure and quality, or 
temperature, and observed feed-water 
temperature 

Reciprocating steam engines. (a) I.hp. at observed conditions of steam supply 

and exhaust 

(b) B.hp. at observed conditions of steam supply 

and exhaust 

Steam-engine generators. Net kw. at generator terminals at observed 

conditions of steam supply and exhaust 

Steam turbines. B.hp. at observed conditions of steam supply and 

exhaust 

Turbine generators. Net kw. at observed conditions of steam supply 

and exhaust 

Pumping machinery. (a) Cubic feet discharged per second at observed 

total suction and discharge pressures 
(h) Gallons dischargt^d in 24 hr. at observed total 
suction and discdiarge pressures 

(c) Gallons per minute at observed total suction 

and discharge press\ires 

(d) Water-horsepower output at observed total 

suction and discharge pressures 

Compressors and blowers, centrif- (a) Cu. ft. of free air (or other gas) p(T min., at 
ugal and displacement. observed total intake pressure and tempera¬ 

ture delivered at observed total discharge 
pressure 

(6) Air-hp. output at observed inlet and delivery 
conditions (p. 441) 

Gas producers. (a) Lb. of fuel as fin'd per hr., of observed high 

calorific value (pp. 242 and 311) 

(6) Hot-gas output in cu. ft. of dry gas per hr., at 
observed temperature and pressure, and ob¬ 
served high calorific value 

(c) (yold-gas output in cu. ft. of dry gas per hr. at 

68°F. and one standard atmosiihere 

(d) Heat output per hr. in hot gas 

(e) Heat output p(T hr. in cold gas 


Gas and oil engines. (a) B.hp.; (6) I.hp.^ 

Hydraulic turbines. B.hp. 

Condensers. Heat transferred per hr., at observed vacuum. 


inlet and outlet circulating-water temperatures, 
and cu. ft. of gases discharged by air pump per 
hr., measured at 68°F. and 1 standard 
atmosphere (p. 444) 

Evaporators. (a) Heat transferred per hr. at observed tempera¬ 

ture of evaporation, and observed tempera¬ 
ture and pressure of steam supply 
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Units 

(&) Lb. of raw liquor per hr. 

(c) Lb. evaporated per hr. 

(d) Lb. of concentrate per hr. 

Heat transferred per hr. at observed steam pres¬ 
sure and temperature and at observed inlet and 
outlet water or oil temperatures® 

Heat transferred per hr. at ob8er\’'ed pounds of 
flue gases per hr., inlet gas temperature and 
inlet and outlet water temperatures® 

Heat dissipated per hr. at observed inlet and out¬ 
let water temperatures, observed air tempera¬ 
tures and humidity 

(a) Heat absorbed per hr. at observed head pres¬ 
sure; and observed suction or cooler 
pressure® 

(b) Commercial tons of refrigeration at observed 
head pressure, and observed suction or 
cool(‘r pressure; 

^ The rate of heat absorption of a stationary steam-KeneratinK unit is its output in B.t.u. per hour. 
For very large units, it is sometimes convenient to use multiples of B.t.u. as the unit. Such multiple 
units are kli - 1,000 B.t.u. and niB equals 1,000,000 B.t.u. 

Boiler horsepower was originally standardized by the A.S.M.E., as explained on p. 304. At 
present, however, steam rates vary from 8 pounds in large condensing turbines to 50 or 60 pounds per 
horsepower-hour for small noncondensing units, .so that the term “boiler horsepower" has no longer any 
real connection with the steam consumption of the engine. The term "boiler horsepower" has never 
been used in England or in Continental countries. 

The rating of steam boilers for size only in terms of square feet of heating surface is still recom¬ 
mended by the A.S.M.E. 

Heat absorbed by water and steam == vy»{hi — hf) B.t.u. per hour, where v), = total pounds of 
water evaporated per hour; hi = heat content (enthalpy) of the steam generated, in B.t.u. per pound; 
and hf = heat content (enthalpy) of feed water, in B.t.u. per pound. 

A subsidiary unit which may be used for stationary boilers is a "boiler horsepower," or 341 pounds 
of water evaporated from and at 212°F. per hour, that is, from water at 212°F. into steam at the same 
temperature. Electrical engineers have suggested a unit termed "myriawatt," which differs but little 
from boiler horsepower when expressed in B.t.u. per hour. 

* Net indicated horsepower for internal-combustion engines is the indicated horsepower of the main 
cylinders minus the indicated horsepower of the auxiliary cylinders for scavenging and injection. When¬ 
ever possible, the net output should be in terms of brake horsepower, thus to eliminate many correction 
factors. 

Indicated horsepower of an internal-combustion engine is not a true output, as it does not represent 
the power available for use. 

* In apparatus such as surface condensers and evaporators, both sides of the apparatus contain 
fluids, and measurements may be made on either of the fluids. If the apparatus is well insulated or is 
at nearly the same temperature as its surroundings, so that the external heat transfer is negligible, the 
rate of heat transfer will be the same when determined in either of the fluids, but different methods may 
be suitable in different cases. 


Apparatus 

Feed-water heaters and fuel-oil 
heaters. 

Economizers. 

Cooling towers and cooling ponds 
Refrigerating machines. 
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Units op Performance 


Apparatus 

Stationary boilers and (a) 
other steam-generating 


units 

Solid fuel only. (h) 

All fuels. (c) 


(d) 

(e) 

Reciprocating engines... (a) 

(&) 

(c) 

(d) 

Steam turbines. (a) 

(b) 
(o) 
id) 

Steam-engine generators (a) 
and turbine generators (h) 

(c) 

id) 

Steam-driven pumping (a) 
engines (h) 

ic) 

id) 

Steam-driven compres- (a) 
sors, blowers and fans (6) 

ic) 

id) 

ie) 

if) 
(g) 


Quantities and Units 
Efficiency of stationary steam-gener¬ 
ating unit: ratio of heat units out¬ 
put to high calorific value of fuel as 
fired 

Rate of combustion in B.t.u. per sq. ft. 

of grate surface per hr. as fired^ 
Rate of combustion, in lb. of fuel as 
fired per hr. per cu. ft. of furnace 
volume® 

Heat transferred per sq. ft. of heating 
surface per hr. (see footnote*, 
p. 209) 

Heat developed per cu. ft. of furnace 
volume per hr.® (p. 303) 

Heat rate, in B.t.u. per (1) i.hp.-hr.; 
(2) b.hp.-hr. 

Thermal efficiency referred to (1) 
i.hp; (2) b.hp. 

Engine efficiency (Rankine) referred 
to (1) i.hp.; (2) b.hp. 

Steam rate, lb. of steam per (1) 
i.hp.-hr.; (2) b.hp.-hr. 

Mechanical efficiency 

Heat rate, in B.t.u. per b.hp-hr. 

Thermal efficiency 

Engine efficiency (Kankine) 

Steam rate, in lb. of steam per b.hp-hr. 
Heat rate, in B.t.u. per net kw.-hr. 
Thermal efficiency 

Engine efficiency (Rankine) reh^rred 
to net kw. 

Steam rate, in lb. of stciam per net 
kw.-hr. 

Heat supplied per water hp.-hr. 
Tliermal efficiency referred to water 
hp. 

Steam rate, in lb. of steam per water 
hp.-hr. 

Mechanical efficiency (reciprocating 
pumps only) 

Heat rate, in B.t.u. per air hp.-hr. 
Thermal efficiency 

Steam rate, in lb. of steam per air 
hp.-hr. 

Steam rate per unit of volume 

Gross ), . . 

f hp. per cu. ft. per mm., at 

T j- X j Cintake conditions 
Indicated) 


Conversion 

Relations 


2,545 -T- Item a 


2,545 -T- Item a 


3,413 Item a 


2,545 Item a 


2,545 Item a 
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Apparatus 


Direct-drive steam plants 


Steam-electric plants.... 


Steam pumping plants.. . 


Steam air-machinery. .. 


Gas producers 


Internal-combustion en¬ 
gines 


Conversion 

Quantities and Units Relations 

(h) Volumetric efficiency, for displace¬ 

ment compressors only 

(i) Compression efficiency, for displace¬ 

ment compressors only 

(j) Mechanical efficiency, for displace¬ 

ment compressors only 

(k) Overall efficiency 

(a) Fuel rate, in lb. of fuel as fired per 

(1) i.hp.-hr.; (2) b.hp.-hr. 

(b) Steam rate, in lb. of steam generated 

per (1) i.bp.-hr.; (2) b.hp.-hr. 

(c) Heat rate, in B.t.u. per (1) i.hp.-hr.; 

(2) b.hp.-hr. 

(d) Thermal efficiency referred to (1) 

i.hp.; (2) b.hp. 2,545 -j- Item c 

(a) Fuel rate, in lb. of fuel as fired pc^r net 

kw.-hr. 

(b) Steam rate, in lb. of steam generated 

per net kw.-lir. 

(c) Heat rate, in B.t.u. per net kw.-hr. 

(d) Thermal efficiency, overall, referred 

to net kw. 3,413 -r- Item c 

(a) Fuel rate, in lb. of fuel as fired, per 

water hp.-hr. 

(b) Steam rate, in lb. of steam generated 

per water hp.-hr. 

(c) Heat rate, in B.t.u. per water hp.-hr. 

(d) Thermal efficiency referred to water 

hp. 2,545 -r- Item c 

(a) I'uel rate, in lb. of fuel per air hp.-hr. 

(b) Steam rate, in lb. of steam generated 

per air hp.-hr. 

Cc) Heat rate, in B.t.u. per air hp.-hr. 

(d) Thermal efficiency referred to air hp. 2,545 -j- Item e 

(a) Hot-gas efficiency; ratio of high calo¬ 

rific value plus sensible heat above 
room temperature in hot gas to the 
high calorific value of find as fired 

(b) Cold-gas efficiency; ratio of high 

calorific value of gas to high calorific 
value of fuel as fired 

(a) Fuel rate, in lb. of fuel as burned per 

(1) i.hp.-hr.; (2) b.hp.-hr. 

(b) Fuel rate, in cu. ft. of gas of stated 

high calorific value at and one 

standard atmosphere, (p. 241), per 

(1) i.hp.-hr.; (2) b.hp.-hr. 

(c) Heat rate, in B.t.u. per (1) i.hp.-hr.; 

(2) b.hp.-hr. 

(d) Thermal efficiency referred to (1) i.hp.; 

(2) b.hp. 


2,545 -5- Itemc 
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Apparatus 

Gas- or oil-electric units., 


Gas-producer plants. 

Hydraulic turbines. 

Hydraulic turbine gen¬ 
erators 

Surface condensers. 


Evaporators. 

Closed feed-water heaters 
and fuel-oil heaters_ 

Oil coolers. 

Economizers. 


Quantities and Units 

(a) Fuel rate, in lb. of fuel as burned per 

net kw.-hr. 

(b) ¥ue\ rate, in cu. ft. of gas of stated high 

calorific value at 68®F. and one 
standard atmosphere per net kw.-hr. 

(c) Heat rate, in B.t.u. per net kw.-hr. 

(d) Thermal efficiency 

(а) Fuel rate, in lb. of fuel as fired per net 

0) i.hp.; (2) b.hp. (see footnote, 
p. 315) 

(б) Heat rate, in B.t.u. per net (1) 

i.hp.-hr.; (2) b.hp.-hr. 

(c) Thermal efficien(;y referred to (1) 
i.hp.-hr.; (2) b.hp.-hr. 

Efficienc.y of turbine; ratio of b.hp. to 
water hp. 

Efficiency of unit; ratio of net electrical hp. 
to water hp. 

(а) Heat transferred per sq. ft. of cooling 

surface under observed conditions 
of vacuum, inh^t and outlet circu¬ 
lating-water temperatures and cu. 
ft. of gases discharged by air pump 
per hr., at 68®F. and 1 standard 
atmosplK^re (p. 444) 

(б) Heat-transmission coefficient 

(а) Heat transferred per hr., with observed 

conditions of steam supply, temper¬ 
ature and pressure 

(б) Lb. of steam per lb. of distillate 

(c) Lb. of steam per lb. of concentrate 

(d) Heat-transmission coefficient 

(а) Heat transferred per sq. ft. of heating 

surface per hr. at observed condi¬ 
tions of steam supi)ly, and stated 
inlet and outlet temperatures of 
water or oil 

(б) Heat-transmission coefficient 

(tt) Heat transferred per sq. ft. of cooling 
surface per hr., at observed inlet and 
outlet oil temperatures, and ob¬ 
served inlet and outlet cooling-water 
temperatures. 

(6) Heat-transmission coefficient 

(а) Heat transferred per sq. ft. of heating 

surface per hr. at observed lb. of 
flue gases per hr., inlet flue-gas 
temperature and inlet and outlet 
water temperatures 

(б) Heat-transmission coefficient 


Conversion 

Relations 


3,413 Item c 


2,545 -5- Itemc 
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Conversion 

Apparatus Quantities and Units Relations 

Steam-driven refrigerat- (a) Heat supplied in steam per ton of 
ing machines refrigeration, at observed conditions 

(h) Coefficient of performance; ratio of 
heat abstracted to indicated work, in 
B.t.u. 

(c) Steam rate, in lb. of steam per hr. per 
standard ton of refrigeration, at 
observed conditions 

1 Orate surface is the horizontal area within the four walls surrounding the fuel-supporting structure. 

2 The total furnace volume for horizontal return-tubular boilers and water-tube boilers is the cubical 
contents of the furnace between the grate and the first plane of entry into or between the tubes. It 
includes the volume behind the bridge wall as in ordinary horizontal return-tubular boiler settings, 
unless this space behind the bridge wall is obviously ineffective as in the case of waste-heat boilers with 
auxiliary coal furnaces. 



CHAPTER XI 


TESTING OF BOILERS AND OTHER STEAM-GENERATING UNITS 

Leakages of any kind are always a lurking enemy for those engaged in 
any kind of accurate testing, and work with boilers is no exception. 
Poor results with boilers are due more often to air leakage than to any 
other fault. Air entering the setting and flues instead of the furnace 
does not assist combustion but, on the contrary, absorbs from the hot 
gases a quantity of heat which otherwise might pass through the boiler¬ 
heating surfaces into the water in the boiler. When the object of a series 
of tests is, for example, to compare one kind of coal with another, or one 
type of grate or mechanical stoker wdth another, the losses due to air 
leakage would not be of much consequence in what are only comparative 
results; but if a boiler is to give the best possible efficiency and capacity, 
air leaks must be stopped. 

In practice the importance of closing air leaks in the boiler setting is 
forcefully presented when patented devices for fuel saving are installed in 
boiler plants. Important economies in many cases are guaranteed if 
the new device is adopted, and then the claims of the agent arc made 
good by instructing his workmen to go over the boiler, closing up all 
cracks in the setting through which cold air could enter, and at the same 
time covering the outside surface of the setting with a coating impervious 
to air. By such means the owner of the plant pays a high price for 
results that could have been obtained much more cheaply. 

In steam-boiler practice ‘‘boiler’’ horsepower is still a method of rat¬ 
ing. The term “ horsepower” has two very distinct meanings in engineer¬ 
ing practice. Usually it is taken to mean the rate of doing work or the 
work done in a definite period of time. In this sense it means, as in the 
case of engines, turbines, water wheels, etc., 33,000 foot-pounds per 
minute. In a steam boiler, however, where the work done must be 
measured by the conversion of water into steam, a horsepower was 
formerly taken as the evaporation of 30 pounds of water at 100°F. into 
steam at 70 pounds pressure above the atmosphere. When this unit was 
adopted, it was considered that 30 pounds per hour was approximately the 
requirement per indicated horsepower of an average engine. The Com¬ 
mittee on Boiler Tests of the A.S.M.E. adopted at one time what is in 
effect the same unit, stating it, however, somewhat differently—that a 
boiler horsepower is equivalent to evaporating 34.6 pounds of steam^ per 

^ When the steam supply is small or if, for any reason, the noise due to escaping 
steam from the calorimeters used is objectionable, a calorimeter may be shut off some- 
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hotuT from feed-water temperature of 212*’F. into steam at the same tem¬ 
perature. According to the steam tables (page 593) this is equivalent 
to approximately 33,480 B.t.u. per hour, or 558 B.t.u. per minute. 

Unit of Evaporation. —For reducing the results of the boiler tests to a 
common standard, the term ^‘unit of evaporation'^ was formerly used. 
It is the heat required for the “absorption of 1,000 B.t.u. per hour." 
It has been variously defined and was once the heat required “to evapo¬ 
rate a pound of water from and at 212°F." (approximately 970.2 B.t.u.). 

Graphical log sheets of boiler tests similar to the one shown in Fig. 256 
are very serviceable for checking the observations when made during the 
test as the data are taken. In the report of a test they show also the 
relative irregularity or regularity of the conditions affecting the results. 

Standard Methods for Boiler Trials. —The A.S.M.E. has adopted 
rules for conducting boiler trials which are generally accepted in America 
and are also considered with favor in England.^ 

A.S.M.E. TEST CODE (1929) FOR BOILERS AND OTHER STATIONARY 
STEAM-GENERATING UNITS 

Including Stokers, Superheaters, Economizers, Ueheaters, and Air Heaters 

The Test Code for Stationary Steam Boilers applies to the boiler, 
water walls, water floor, water screen, fuel-burning apparatus of whatso¬ 
ever nature, such as superheater, reheater, air heater, and economizers, 
but not to apparatus required for their operation, such as engines or 
motors for driving stokers, feed pumps, draft fans. 

Economizers^ are considered as part of the generating units. They 
may be divided into two general classes: (a) separate economizersy being 
those with their own housing and connected to the boilers with flues, 
and (b) integral economizers, which are contained within the boiler 
setting and through which a part of the boiler circulating water may or 
may not pass. 

Observations made when steam boilers equipped with economizers of 
the first-named class are being tested, may readily be separated so as either 
to include or to exclude the economizer in the results. In the second 
class, however, it is practically impossible to segregate the economizer 
from the boiler, and tests of units so equipped should be conducted and 
reported as if the economizer is a part of the boiler proper. 


times between readings. The length of time the calorimeter is in operation must then 
be carefully noted in order to determine the weight of steam lost through it by cal¬ 
culating the flow through its orifice (see p. 195). The flow of steam, however, through 
the calorimeter must always be started before observations of the temperatures are to 
be taken in order to get constant conditions. 

^ Pullen, W. W. F., ‘‘Engines and Boilers,*^ pp. 466-475. 

* Economizer and air heater are not included when the heat absorbed is not 
returned to the unit. 
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Boiler testing should not be undertaken by anyone who has not 
had some training under an experienced testing engineer if reliable 
results are to be expected. The whole subject should be thoroughly 
understood, both theoretically and practically. Accurate tests depend 
very largely upon the care and faithfulness of the observers. It is 
much easier to make mistakes than is realized by those who are not 
familiar with practical testing. 

The limits of accuracy of a test may very reasonably be taken to be 
within plus or minus 3 per cent. One of the sources of probable error is 
the sampling of coal. Even when the greatest care is taken to obtain a 
representative sample, there may be an indeterminate error in ascertain¬ 
ing the heating value of the coal, even though the laboratory analysis is 
most reliable. With modern apparatus these laboratory determinations 
should be substantially correct as regards the sample tested; but the 
question as to how truly the same represents the whole is always present 
and cannot be answered definitely. 

Another source of error is the moisture contained in the coal. The 
sampling is more or less uncertain. It is contended by some that, if 
the attempt is made to determine the moisture during the test, the 
methods of drying and weighing are unreliable; while others contend 
that, though the moisture as determined in the laboratory is accurate as 
far as the sample delivered to the laboratory is concerned, this sample 
probably does not- represent the bulk of the coal actually burned, since 
there must inevitably have been more or less loss of moisture during the 
collection, preparation, and handling of the sample. 

Similarly, it is problematical whether the samples collected for the 
determination of the moisture in steam and for gas analysis are repre¬ 
sentative of the bulk, although the testing of the samples obtained may 
be quite accurate. 

It is not unusual for heat balances to be reported to the nearest 
B.t.u. and to the nearest lio per cent. But the present state of the art 
of boiler testing does not provide means for attaining anything like 
this accuracy. In general, results should be reported only to the nearest 
significant figure. 

It is therefore quite logical in the case of guarantee tests that a sub¬ 
stantial compliance with the guarantee be accepted as full compliance 
therewith. 

Measurements. —The quantities listed below are the principal ones 
which must be measured in a performance test of a stationary steam 
boiler. 

(a) Area of heating surfaces; (6) grate surface (p. 303, footnote); (c) furnace 
volume (p. 303, footnote) and dimensions; (d) analysis and heating value of fuel; (e) 
average steam pressure; (/) quality of steam; (g) analysis of flue gases; (k) draft 
pressures at various points; (t) steam temperatures; (j) superheat; (k) various air 
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temperatures; (/) gas temperatures; (m) feed-water temperatures; (n) total weight of 
fuel; (o) total weight of refuse; (p) analysis of refuse; (g) weight of water. 

Instruments and apparatus required for boiler tests are: 

(a) Scales for weighing coal, oil, or other fuel, ashes, furnace refuse, etc.; (6) 
graduated scales attached to the water glasses; (c) tanks or tanks and scales for volu¬ 
metric or weight measurement of water; (d) meters or other apparatus for measuring 
gaseous fuels: (e) pressure and draft gages; (/) thermometers and pyrometers; {g) 
calorimeter for determining the quality of the steam; (h) gas-sampling and analyzing 
apparatus. 

Weighing Fuel. —Fuel-weighing apparatus should be near the point where the 
fuel is to be used, under direct observation of and convenient to the one in charge of 
the test. The weighing of refuse may be done at any convenient point. 

Water Glass. — The water-glass scale should be so attached that the breaking of the 
glass will not disturb the scaki. 

Weighing Water. —The wat(T-weighing or measuring apparatus if other than a 
meter should be arranged in an easily accessible place and made as convenient as 
practicable. It should also be under the direct observation of the one in charge of 
the test. 

Gas Meters. —Meters or other apparatus for measuring gaseous fuel may be placed 
in such locations as conditions dictate. 

Gages.— -Pressure gages should be away from any disturbing influences, such as 
extrenu^ heat, and in a position to be easily read. 

Draft should be measured at not less than two points: (a) after the flue gas has 
passed beyond contact with any part of the boiler and b(‘fore it has passed the damper, 
or before it has entered the outlet duct if there is no damper; and (6) in the furnace 
immediately before the flue gas comes in contact with the heating surface of the boiler 
proper, which in the casc^ of vertical- or steep-tube types of water tube boilers should 
be midway of the tube length. 

Draft at the gas outlet is usually measured if nowhcTc else. It is often desirable 
to know the draft at other points of the setting, in which case the several locations 
should be chosen to suit the information wanted. Care should be exercised to sec that 
the ends of the connecting pipes are not obstructed and that the open ends are not 
subject to other than static pressures. All joints of draft-gage connections must bo 
tight. 

Thermometers. —A thermometer well for measuring feed-water temperatures 
should be as close to the boiler inlet as possible and the pipe between boiler and ther¬ 
mometer should be well protected with heat-insulating covering. 

Saturated-steam temperatures may be measured at any point in the steam pipe 
where the pressure is the same as that where the temperature is desired, care being 
taken that the well is not cooknl by the condensate. The temperature and pressure of 
superheated steam should be measured as close to the outlet of the superheater as 
possible, with all losses by pressure drop and radiation between the superheater and 
thermometer eliminated. 

Pyrometers of any type must have the part on which the heat impinges so located 
that the temperature which it is desired to measure is actually obtained. Much 
experience and good judgment are essential in order to obtain even approximately 
reliable readings. Thermometers for determining atmospheric temperatures should 
be placed so as to give an average indication away from cold or hot drafts, etc. 

Steam Calorimeter. —The sampling tube of the steam calorimeter should be as 
close as possible to the point at which the quality of steam is desired. All exposed 
piping in which condensation might influence the result must be well lagged. Ordi- 
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narily the quality of the steam leaving the boiler, or that entering the superheater, is 
dcjsired. 

Flue-gas Analysis. —Analysis of the exit gases is usually what is taken, but very 
frequently analyses are wanted from other points. Sample tubes must be so located 
that only the gas to be analyzed enters the tube and precautions taken against the 
possibility of inleakage of air anywhere in the line. The gas-analyzing apparatus 
should be in a readily accessible and protected place with good natural or artificial 
light and convenient facilities. 

Determine the character of the fuel to be used. If it is to be coal 
and its size is to be reported, it should be determined in accordance 
with the Test Code for Solid Fuels (see page 259). 

Starting and Stopping. —Combustion, fuel, draft, and temperature 
conditions, the water level, rate of feeding water, rate of steaming, and 
the steam pressure should be as nearly as possible the same at the end 
as at the beginning of the test. If an economizer is included in the unit 
tested, the average temperature of the water within it should be the same 
at the start and end of test. 

Hand Firing. —To secure the desired e(|uality of conditions with 
hand-fired boilers, the following method should be employed: 

The furnace being w<ill lieated by a preliminary run at- the same combustion rate 
that will prevail during the t<‘st and sufficiently long to heat the setting thoroughly, 
burn the fin^ low and thoroughly clean it, h'aving enough live coal spnaid evenly over 
th(i grate (say, from 2 to 4 imdies) to serve as a foundation for tin; muv fire. Note 
(piickly the thickness of the coal bed as nearly as it can be estimated or measured, also 
th(' water l(‘vel, th(^ st(‘am j)ressur(;, and the tinu^, and record the last as tlu' starting 
time. l<>(;sh coal should then be fired from that W(ughed for th(‘ test, the ashpit 
thoroughly (de;in(^<l, and tlu' regular work of the test proeeedcal with. 

Jkdore the end of th(^ test the fire should again be burned low and cleaned in such 
a manruT as to h’ave the same amount of five coal on the grate as at ih(‘ start. When 
this condition is reached, observe quickly the water levad, the st(\am })rcssure, and the 
time, and record tin? last as tlu^ stoi)ping time.. If th(‘. water levcd is lowcir or higlu'r 
than at the beginning, a correction should b(‘ made by computation, not by feeding 
additional water. Idnally nanove the ashes and refuse from tlu^ ashpit. 

In a plant containing sev(*ral boilers, where it is not practicable to chain them 
simultaneously, the fir(\s should be cleaiK'd one after the other as rapidly as may be, 
and each one after cleaning (diargi'd with enough coal to maintain a thin firi^ in good 
working condition. 

After the last fire is cleaned and in working condition, burn all the finvs low (say, 4 
to 6 inches), note (piickly the thickness of each, also the water levels, steam pn'ssure, 
and time, which last is taken as the starting time. Likewise, when the time arrives for 
closing the test, the fires should be quickly cleaned one by one, and when this work 
is completed they should all be burned low the same as at the start, and the various 
final obsenuitions made as before stated. 

In the case of a large boiler having several furnace doors requiring the fin* to be 
cleaned in sections one after the other, the foregoing directions pertaining to starting 
and stopping in a plant of several boilers may be followed. 

Mechanical Stokers. —To obtain the desired equality of conditions 
when a mechanical stoker is used, the foregoing procedure should be 
modified as follows: 
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Stokers should be in operation at approximately the same rate that will prevail 
during the test for at least 12 hours before starting the test. At the start and finish of 
the test, level the coal in the stoker hopper. Make starting and stopping observations 
as in hand-fired tests. 

Stokers of the Continuous-dumping Type. —The desired operating conditions, that 
is, speed and stroke of coal-feeding mechanism, speed of grate, intensity of draft or 
blast, and rate of water feed, should be maintained as nearly constant as possible 
for at least 1 hour, and preferably for 2 hours, before starting and stopping the 
test. 

Stokers of the Intermittent-dumping Type. —Proceed as above, except that stokers 
should be ch^anod about 1 hour before starting and before stopping the test. 

To obbiin the desired equality of conditions when pulverized, liquid, or gaseous 
fuel is used, the' following nu'thod should be employed: The boiler or boilers to be 
t(‘sted should be operated bi‘f()re the start of the test under the fuel, furnace, and com¬ 
bustion conditions which an' to be maintained throughout the test for a period of not 
less than 3 hours, l uel temperature, fuel pressure, and draft conditions should be 
k(^pt as nearly constant as possible' during this period and throughout the test. The 
references above for hand-fired t(‘sts as to starting and stopping observations hold 
also for pulverized-, liejuid-, and gaseous-fuel tests. 


Duration.—The duration of tests to determine the efficiency of a 
steam-generating unit burning solid fuel either hand or stoker fired should 
preferably be 24 hours; but where operating conditions do not permit or 
other considerations make it advisable or necessary, the length of test 
may be reduced to not less than 10 hours. When the rate of combustion 
is less than 25 pounds of coal per square foot of grate surface per hour, the 
test should be continued until a total of 250 pounds per square foot of 
grate area has been burned, except that, in cases where a type of stoker is 
used that does not permit the qiuintity ot fuel and the condition of the fuel 
bed to be accurately cstiimited, the duration of test should not be reduced 
below that reciuired to minimize the error. 

In a unit using })ulverized fuel the duration of test should be not less 
than 6 hours, and for liquid or gaseous fuel not less than 4 hours. 

In the case of a waste-heat unit, where the operation of the industrial 
furnace is continuous and furnace conditions are constant, the duration 
of the test should be not less than 6 hours. Where the industrial-furnace 
operation is in cycles, the test should be of such duration as to cover at 
least one cycle of furnace operation. 

In tests conducted under plant-operation conditions where the service 
requires continuous operation night and day, with frequent shifts of 
firemen, the duration of test should be at least 24 hours. Likewise in 
such tests, either of a single unit or of a plant of several units which 
operate regularly a certain number of hours and during the remainder of 
the day are banked, the duration should be not less than 24 hours. 

The duration of tests to determine the maximum evaporative capacity 
of a steam-generating installation, when the efficiency is not determined, 
should be not less than 2 hours, unless otherwise agreed upon. 
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Records. —The data listed in the tables of this code should be obtained 
and recorded in convenient form. Readings of the instruments at 
15-minute intervals are usually sufficient. If there are sudden and wide 
fluctuations, the readings should be taken at 10-minute intervals or at 
such frequency as may be necessary to determine a good average. 

Fuel. —The approximate quantity of fuel needed each hour should 
be determined; and if the quantity required and inconvenience due to 
lack of room are not too great, the whole amount should be delivered on 
the firing floor at the beginning of each hour. If any is left at the end 
of the hour, the quantity should be estimated. In this way the amount 
of fuel used per hour can be determined and the approximate results be 
followed from hour to hour. 

If the whole amount cannot be delivered at the beginning of the hour, 
convenient quantities may be weighed out at appropriate intervals so 
as to come out about even at the end of the hour. When hopper scales 
are used, receiving coal from bunkers and discharging directly into 
furnace hoppers, hourly quantities may be roughly determined by 
estimating furnace conditions. These hourly quantities should be 
properly noted on the log sheet. They are taken as a matter of con¬ 
venience and guide, but only the totals are to be used in the final 
calculations. 

Steam Rate. —The records should be such as to ascertain also the 
approximate consumption of feed water each hour and thereby determine 
the degree of uniformity of evaporation. The maintenance of a uni¬ 
formity of evaporation is greatly facilitated by the use of some form of 
graphic recording steam meter, which should be so placed as to keep 
continuously before the operator the rate of evaporation. Since the 
indications of this meter are not used in any of the test calculations, 
extreme accuracy is not essential. 

Quality of Steam. —If the boiler does not produce superheated steam, 
the quality of the steam should be determined by the use of a throttling 
or separating calorimeter. If the boiler has superheating surface, the 
temperature of the steam should be determined by the use of a thermom¬ 
eter inserted in a thermometer well or by a suitable pyrometer. 

Sampling Fuel. —During the progress of the test, fuel should be regu¬ 
larly sampled for purposes of analysis. 

Ashes and Refuse.—The ashes and refuse withdrawn from the furnace 
and ashpit during the progress of and at the end of the test should be 
weighed, as far as possible, in a dry state. If wet, the amount of moisture 
should be ascertained and allowed for, a sample being taken and dried 
for this purpose. This sample may also serve for analysis. 

Ash sampling is at best subject to large errors, and every precaution should be 
taken to insure as representative a sample as possible. If sufficiently hot to allow 
combustion to proceed, ash should be thoroughly quenched with water immediately 
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after dumping into the ashpit. Enough time should elapse before weighing to permit 
the heat of the refuse to drive out most of this moisture. If possible, all the ash should 
then be passed through a crusher, thoroughly mixed, and reduced to a laboratory-size 
sample by successive quartering (page 262). If it is impracticable to crush all the ash, 
the clinkers and “fines” should be placed in separate piles, and each pile weighed and 
sampled separately, the two samples being combined in proportion to the relative 
weights of their respective piles. 

Calorific Tests and Analyses of Fuels and Refuse. —The quality of 
the fuel and of the furnace ash and refuse should be determined by 
calorific tests and analyses of the samples above referred to. The higher 
heat value (page 242) is used throughout this code. Directions for obtain¬ 
ing samples of the fuel and making these tests and analyses are given on 
pages 222 and 258. 

Flue-gas Analyses. —For approximate determinations of the composi¬ 
tion of the flue gases, the Orsat apparatus or some modification thereof 
should be employed. Gas samples should preferably be taken con¬ 
tinuously; but if momentary samples are obtained, the analyses should be 
made as frequently as possible, the furnace and firing conditions being 
noted at the time the samples are drawn. Where the firing is intermit¬ 
tent, gas samples should be taken at such intervals that the complete firing 
cycle will be covered by the average of individual readings. If the sample 
drawn is a continuous one, the intervals may be made longer. Where the 
unit includes an economizer, gas analyses should be made at both boiler 
and economizer outlets. 

Smoke Observations. —In tests requiring a determination of the 
amount of smoke produced, observations should be made regularly 
throughout the trial at intervals of 5 minutes or, if necessary, of 1 minute. 
For observations covering a period of one or more single firings with 
solid fuel, the intervals should be J minute or less. 

No wholly satisfactory m(*,thods for either quantitative or qualitative smoke deter¬ 
minations have y(^t come into use, nor have any reliable methods been established for 
definitely fixing even the relative density of the smoke issuing from chimneys at 
different times. One method commonly employed, which answers the purpose fairly 
well, is that of making frequent visual observations of the chimney at intervals of 1 
minute or less for a pt^riod of 1 hour and recording the obst^rved characteristics accord¬ 
ing to the degree of blackness and density, and giving to the various degrees of smoke 
an arbitrary percentage value rated in some such manner as the following: 

Smoke Percentages 

Dense black. 100 Light gray. 20 

Medium black. 80 Very light. 5 

Dense gray. 60 Trace. 1 

Medium gray. 40 Clear chimney. 0 

The color and density of smoke depend somewhat on the character of the sky or 
other background and on the air and weather conditions obtaining when the observa¬ 
tion is made, and these should be given due consideration in making comparisons. 
Observations of this kind are also subject to personal errors and errors of judgment. 
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Nevertheless, these methods are useful especially when the results are plotted, accord¬ 
ing to the percentage scale determined on, so that a graphic representation of the 
changes can be shown. The observations should be considered as only roughly 
indicating the smoke conditions and are comparable only when made by the same 
observer. 

Various forms of charts and clouded-glass arrangements for comparing and fixing 
smoke densities have been proposed, and to some extent used, but tluise have proved 
more or less unsatisfactory and they are subject to personal errors and to sky, wind, 
and weather conditions, the same as the simpler method above described. 

Power for Auxiliaries. —It is recommended that a record be kept of 
the energy used by auxiliaries immediately connected with the steam¬ 
generating unit being tested. This applies particularly to steam or power 
used in driving stokers or other fuel-feeding apparatus, fans, feed pumps, 
and soot blowers and may also include energy used in fuel preparation. 

It is always difficult and usually impractical to determine accurately 
the steam ecjuivalent of the power used by auxiliaries. For this reason no 
deduction is made in computing Items 93 to 97 (evaporation units). 
Items 104 and 105 (efficiency), or any data of the heat balance unless 
required by the object of the test. It is frequently desirable,^however, 
to compare the performance of installations of ditYerent types, and 
for this purpose a close approximation to the overall efficiency of the 
steam-generating unit, corrected for auxiliaries, is of value. The deduc¬ 
tion of such approximate auxiliary-energy steam equivalent from the 
total steam will give an approximate “net efficiency of th(i stearn-gen- 
erating unit.'' The Code makes no attempt to define this item exactly or 
to specify how it should be determined, because of essent ial dependence 
upon the characteristics of the individual instalhition. Whenever this 
“net" value is given, a full statement should accompany the report, 
stating the apparatus for which deductions have been made and the 
method used in determining the deductions. 

Graphical Log for Report .—In trials having for an object the determina¬ 
tion and exposition of the complete boiler performance, the entire log of 
readings and data should be represented graphically in the report. 

Calculation of Remits .—All calculations incident to a test of a sta¬ 
tionary steam-generating unit are outlined in detail in the following 
tables. These tables are divided into three main groups lettered Sy L, and 
Gj symbols which stand for the type of fuel used, solid, liquid, and gaseous, 
respectively. In each there are numbered subdivisions indicating the 
appropriate computations for the various combinations of auxiliary 
apparatus. 

Table SlA.— Data and Results of Stationary Steam-generating Unit Test. 

Solid Fuels—as Fired—Dry 
General Information 

(1) Date of test; (2) location; (3) owner; (4) maker and type of boiler; (5) maker 
and type of water walls; (6) maker and type of superheater; (7) maker and type of 
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economizer; (8) maker and type of reheater; (9) maker and type of air heater; (10) 
maker and type of fuel-burning equipment; (11) test conducted by: (12) object of test. 

Description^ Dimensions^ Etc. 

13. Boiler-heating surface. 

14. Water-wall surface (water walls, screen or floor, and roof) 

15. Superheater surface. 

16. Economizer surface. 

17. Reheater surface. 

18. Total steam-generating unit surface. 

19. Air-heater surface. 

20. Grate surface. 

21. Fuel-burning equipment. 

22. Method of producing draft. 

23. Fuel. 


24. Volume of combustion space.cu. ft. 

25. Furnace, center of grate to mvinsst lieating surface.ft. 

26. Furnace volume per square foot boiler-heating surface.cu. ft. 


.sq. ft. 
.sq. ft. 
.sq. ft. 
.sq. ft. 
.sq. ft. 
.sq. ft. 
.sq. ft. 
.vsq. ft. 


Fuel and Gas Anali/ses and Data 

Fuel Proximate Analysis- As Fired- Dry 


27. Volatile matter.per cent 

2<S. Fixed carbon.per cent 

29. Ash.per cent 

30. Moisture (as fired).per cent 

31. Heating value per pound (as final).B.t.u. 

32. Heating value ])er pound (dry).B.t.u. 

33. Fusion temperature of ash.°F. 

34. Size of coal as fired. 

Fuel Ultimate Analysis—As f'ired—Dry 

35. Carbon.percent 

36. Hydrogen.percent 

37. Oxygen.percent 

3S. Nitrogen.percent 

39. Sulphur.percent 

40. Ash.percent 

40tt. Moisture.per cent 


Gas 

41. Gas analysis, furnace: 


Per cent CO *. 

..0,... 

. CO.... 

....N 2 .... 

....SO: 

Gas analysis, boiler outlet: 
Per cent COo. 

. .O 2 . . . 

.CO. . . . 

. . . .No. . . . 

. . . .SO- 


43. Gas analysis, economizer outl(*t: 

Per cent CO 2 .O 2 .CO.N 2 .SO 2 

44. Gas analysis, air-heater outlet: 

Per cent CO 2 .O 2 .CO.No.SO 2 


45. Dry gas per pound of fuel, in furnace [(a) as fired, {b) dry].lb. 

46. Dry gas per pound of fuel, at boiler outlet [(a) as fired, (6) dry].lb. 

47. Dry gas per pound of fuel, at economizer outlet [(a) as fired, (6) dry]. lb. 

48. Dry gas per pound of fuel, at air-heater outlet [(a) as fired, (6) dry].lb. 
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49. Dry gas per pound of fuel, theoretical [(«) as fired, (6) dry].lb. 

50. Air supplied per pound of fuel, in furnace [(a) as fired, (6) dry].lb. 

Pressures and Drafts 

61. Moisture in air.lb. per lb. air 

52. Steam pressure by gage, at boiler.lb. per sq. in. 

53. Steam pressure by gage, at superheater outlet.lb. per sq. in. 

54. Steam pressure by gage, at reheater inlet.lb. per sq. in. 

55. Steam pressure by gage, at reheater outlet.lb. per sq. in. 

56. Air pressure in ashpit zone, at burners.in. of water 

57. Draft in furnace.in. of water 

58. Draft at boiler outlet.in. of water 

59. Draft at economizer outlet.in. of water 

60. Draft at air-heater outlet.in. of water 

Temperatures 

61. Steam temperature at superheater outlet.°F. 

62. Moisture in steam.per cent 

63. Superheat.°F. 

64. Moisture or superheat in steam entciring reheater.per cent or . ,. °F. 

65. Superheat in steam leaving reheater.®F. 

66 . Temperature of air surrounding boiler (h) .°F. 

67. Temperature of air entering air heater (ti) .®F. 

68 . Temperature of air leaving air heater (^ 3 ).°F. 

69. Temperature of air for combustion (U) .®F. 

70. Temperature of furnace (^ 5 ).®F. 

71. Temperature of gases leaving boiler {U) .®F. 

72. Temperature of gases leaving economizer (ij) .°F. 

73. Temperature of gases leaving air heater (is) .®F. 

74. Temperature of feed water entering boiler ( 19 ^ .®F. 

75. Temperature of feed water entering economizer (f io).°F. 

76. Temperature of water in boiler at point w'here gases leave boiler (in) .°F. 

77. Temperature of fuel (tvz) .°F. 

Hourly and Unit Quantities 

78. Duration of test.hr. 

79. Fuel as fired pe^r hour.lb. 

80. Dry fuel per hour.lb. 

81. F'uel as fired per square foot of grate per hour.lb. 

82. Fuel as fired per retort or per burner per hour.lb. 

83. Dry fuel per square foot of grate per hour.lb. 

84. Dry fuel per retort or per burner per hour.lb- 

85. Combustion space pt^r pound of coal per hour 1(a) as fired, (6) dry].cu. ft. 

86 . Refuse per hour.lb. 

87. Actual water evaporated per hour.lb. 

88 . Steam through reheater per hour.lb. 

89. Heat absorbed by water in economizer.B.t.u. per lb. 

90. Heat absorbed by water and steam in boiler.B.t.u. per lb. 

91. Heat absorbed by steam in superheater.B.t.u. per lb. 

92. Heat absorbed by steam in reheater.B.t.u. per lb. 

93. Rate of heat absorption in economizer. kB* per hr. 

94. Rate of heat absorption in boiler. kB per hr. 

96. Rate of heat absorption in superheater. kB per hr. 
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96. Rate of heat absorption in reheater. kB per hr. 

97. Total rate of heat absorption by steam-generating unit. kB per hr. 

Refuse 

98. Refuse, per cent of fuel [(a) as fired, (6) dry].per cent 

99. Percentage of combustible in refuse.per cent 

100. Carbon burned per pound fuel [(a) as fired, (6) dry].lb. 

Evaporation 

101. Rate of heat absorption per pound fuel (as fired). kB* 

102. Rate of heat absorption per pound fuel (dry). kB 

103. Rate of heat absorption per square foot of steam-generating unit surface 

per hour. kB 

Efficiency 

104. Efficiency of stcam-gcnerating unit.per cent 

105. Comparative efficiency of steam-generating unit (when not equipped 

with air heater).per cent 

* For explanation of this symbol see p. 299. 


Table SIB.— Heat Balance of Stationary Steam-generatinq Unit. Short 

Form. Solid Fuels 

B.t.u. per 

Lb. Fuel, as Per 

Fired, Dry* Cent 

1105. Heating value of fuel. .... .... 

1106. Heat absorbed by water in economizer. .... .... 

1107. Heat absorbed by water and steam in boiler. .... .... 

1108. Heat absorbed by steam in superheater. .... .... 

1109. Heat absorbed by steam in reheater. .... .... 

1109a. Heat absorbed by steam-generating unit. .... .... 

1110. Heat loss due to moisture in coal. . .... 

1 111. Heat loss due to water from combustion of hydrogen... .... .... 

1112. Heat loss due to moisture in air. . .... 

1113. Heat loss due to dry chimney gases. .... .... 

1114. Heat loss due to incomplete combustion of carbon. .... .... 

1115. Heat loss due to unconsumcd combustible in refuse.... .... .... 

1116. Heat loss due to unconsumed hydrogen and hydrocar¬ 

bons, radiation, and unaccounted for. .*. . . .... 

* If test is on a dry basis, draw a line throuRh “as fired” wherever the words “as fired, dry” appear 
together, and vice versa. Whichever basis is chosen must be followed throughout. Percentage results 
in heat balance will be the same in either case. 

Explanation of Compnialiom for Table *S1 A 

Wherever CO 2 , O 2 , CO, and N 2 are used, they are the percentages by volume of 
these constituents in the gases of combustion. 

hg = total heat (in B.t.u. per pound) of saturated steam at the boiler outlet 
pressure. See tables in Appendix. 

hgi = total heat (in B.t.u. per pound) of superheated steam at the superheater 
outlet pressure. See tables in Appendix. 
hgi - total heat (in B.t.u. per pound) of the steam at the reheater inlet pressure. 
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hgz = total heat (in B.t.u. per pound) of superheated steam at the reheater outlet 
pressure. 

hgi = total heat (in B.t.u. per pound) in feed water at boiler inlet. 

hgo = total heat (in B.t.u. per pound) in feed water at ecomjmizer inlet. 

hfg = heat of evaporation (in B.t.u. per pound) in steam at pressure in steam main. 
ts = temperature of steam after expansion in calorimeter. 

tu = initial temperature of water for quenching ashes. 

= final temperature of water for quenching ashes. 

W = weight of water used per hour for quenching ashes. 

kB = absorption of 1000 B.t.u. (see p. 299). 

If test is on a dry basis, draw a line through “as fired, dry” wherever the words 

appear together, and vice versa. Whichever basis is chosen must be followed 

throughout. Percentages results in heat balance will be the same in either case. 

Explanation of Items Already Listed in Table >S1A. Numbers in Margin Refer to 

Items of the Same Number 

13 and 14. Boil(;r heating surface shall consist of that portion of the surface of the 
heat-transfer apparatus in contact with the fluid being heated on one side and the gas 
or refractory being cooled on the other, in which the fluid being heated forms part 
of the circulating system; this surface shall b(i measured on the side receiving heat. 
This includes tin; boil(‘r, water walls, watt^r screens, and watc^r floor. 

Heating surface located in tluj furnace or furnace boundaries shall b() measured 
as follows: 

Tubes wholly exposed or wholly or partly embedded in refractory—that portion 
of the surface of the tubes which is <‘xpos(*d to the gas or ndractory being cooled. 

Tubes provided with (‘xtend(*d surface*—that portion of the tubes and tlieir exten¬ 
sions which is exposed to the gas being cooled. 

Tubes protected by blocks rigidly attached to the fire faces—that portion of the 
surface of the blocks which is expos(d to the gas being cooled. 

15. Superheater surface* shall consist of that portion of the surface of the heat- 
transfer apparatus expose'd on one side to the gas V)eing cooled and on the other to 
steam being heated after leaving the boiler circulating system, the surface being 
measured on the flue-gas side. 

1(). Economizer surfaces shall consist of that portion of the surface of the heat- 
transfer apparatus exposed on one suh^ to the gas being cooled and on the other to 
fluid being heated before ent(*ring the boiler circulating s^^stem, the surface being 
measured on tlu^ flue-gas side*. 

17. Reheater'surface shall consist of that portion of the surface of the heat-transfer 
apparatus exposed on one sidt^ to the gas being cooled and on the other to steam being 
heated after expansion, the surface being measured on the fl\u*-gas side. 

18. The steam-generating unit heating surface shall consist of that portion of the 
surface of the heat-transfer apparatus exposed on one side to the gas or refra(;tory 
being cooled and on the other to the fluid being heated, measured on the side receiving 
heat. This item equals the sum of Items 13, 14, 15, 16, and 17. 

19. Air-heater surface shall consist of that portion of the surface of the heat-trans¬ 
fer apparatus exposed on one side to the gas being cooled and on the other to air 
being heated for combustion, the surface being measured on the flue-gas side except 
that in air heaters c»f the regenewative type, where the surfaces are alternately in 
contact with gas and air, the air-heater surface shall be determined for the purpose 
of this code by multiplying the total surface of the apparatus by that proportion con¬ 
tinuously in contact with the gases being cooled. 
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20. The horizontal projected area within the four walls surrounding the furnace 
measured at the middle of the grate. 

22. State whether natural, forced, induced, or a combination of one or more kinds 
of draft was employed. 

23. State general class of fuel, as anthracite, bituminous, wood refuse, etc. Also 
give district where produced. 

24. The cubic space provided for the combustion of fuel before the products of 
combustion pass through any heating surface. 

25 to 40. “As fired” analysis items = dry analysis items X 

IICO 2 4" 8 O 2 “h 7(00 4- N 2 ) . . M\n cj T.' f 

45 to 48.- —:l ^ Item 100 . See Lq. (76) (p. 330). 

0(0v)2 4“ 

Note. In the following equations the percentage of carbon is multiplied by 12.52, 
the percentage of hydrogen by 26.56, the percentage of sulphur by 5.325, and the per¬ 
centage of nitrogen by 1.0 to obtain the dry gas per pound of fuel. 

49. 12.52 X Item 100 + gft-SO X, l t o m^6^5.325 X 


50. Item 45 4- 


9* X Item 36 100 — Item 98 


62. Determine either from charts or if throttling calorimeter expanding to 
atmospheric prcissure is used, by the following formula: 

inn ^ - K150.4 - X ii. ~ 212) 


86 . Combined W(‘ight of asht's and cinders produced during test divided by Item 
69. In tests of larg(‘ boilers where it is impracticable to determine the amount of 
refuse by weighing, Item 77 may be calculated as follows: 

If* 80 - X I,™ 70 „„ 80)^ 

89. = (/j-f,i /jffo). 

90. = (hg — hgi). 

91. = (hgl - hg). 

92. = (hg3 — hgA. 

_ Item 87 X Item 89 

Item 87 X Item 90 
IfiWT 

- _ Item 87 X Item 91 

1 , 0 ^ 

OR _ Item 88 X Iti'm 92 
IfiOO 

97. = Item 93 4* Item 94 4- Item 95 4* Item 96 
no _ Item 86 
““ Item 79 (or 80)’ 


* The percentage of hydrogen is multiplied by 9. See Item 1111 of this code, 
t As shown by the curves of mean values of the specific heat of superheated steam 
on p. 369, the approximate value at atmospheric pressure is 0.46. For the calculation 
of this item in the Code, Cp is given the value 0.47, presumably to be an average value 
to cover also cases where the calorimeter pressure is slightly above atmospheric. 
Whether the accepted value is 0.46 or 0.47 makes very little difference in results. 
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100 . 

101 . 

102 . 

103. 

104. 
106. 


Item 36 Item 98 X Item 99 
100 100 X 100 

Item 97 
Item 79 
Item 97 
Item 80 
Item 97 
Item 18 


Item 101 (or 102) X 1,000 X 100 
Item 31 (or 32) 

_ Item 101 X 1,000 X 100 _ 

Item 31 -f (^4 — 70) X (Item 60 X 0.24)* 


Item 102 X 1,000 X 100 
Item 32 + {U - 70) X (Item 50 X 0.24)** 


Explanation of Compuiaiiona for Table SlB 


1106. 

1107. 

1108. 

1109. 
llOOtt. 

1110 . 

nil. 


_ Item 93 X 1 ,000 
Item 79 (or 80) 

— Item 94 X 1, 000 
Item 79 (or 80) 

— Item 95 X 1,000 

Item 79 (or SOj 
ss It<- m 96 X 1,00 0 
Item 79 (or 80) 

= Item 1106 -f Item 1107 + Item 1108 -f Item 1109. 

= - X (1090.7 + 0.455 U - 

= X 9t X (1090.7 +0.4551, — tn). If economizer is installed 


without air heater, substitute h for te; if air heater is installed, substitute for te 
in Items 1110, 1111, 1112, and 1113. 

1112. = Item 50 X Item 51 X 0.47 {h — h). This loss is small and is frequently 
included in Item 1113. 

1113. = Item 46 (47 or 48) X 0.24 (ic -- U). If boiler and superheater, use Item 
46; if economizer, use Item 47; if air heater, use Item 48. Use data from Item 42, 
43, or 44, depending on whether boiler and superheater are installed alone; or with 
economizer but without air heater, or with air heater. 

CO 

1114. = —j—rvx X Item 100 X 10,160. If If boiler alone, use analysis from 

"T 

Item 42; if economizer, use Item 43; if air heater, use Item 44. 


* The value in common use for the specific heat of dry flue gases is 0.24. 
t For explanation of temperature symbols see p. 314. The specific heat of the 
gases leaving the boiler is assumed to be 0.455. The total heat of steam for the con¬ 
ditions stated is 1090.7 B.t.u. 

X Weight of moisture (HaO) from combuntion of hydrogen (Hj) in fuel is nine times weight of 
hydrogen, thus 

2H« -f Oa - 2 H 2 O, 

(4) (32) (36) 

which shows that the molecular weight of the moisture is 36 4* 4 or 9 times that of the hydrogen. 

^ See footnote * on page 319. 
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1116. 


Item 98 — Item 29 

100 


X 14,600.* 


1116. = Item 31 (or 32) — (sum of Items 1106 to 1116 inclusive). 


* Heat of combustion of a pound of carbon burned to carbon dioxide is 14,600 
B.t.u., and of a pound of carbon burned to carbon monoxide is 4,440 B.t.u. Heat lost 
by burning carbon to carbon monoxide (incomplete combustion) is 14,600 — 4,440) or 
10,160 B.t.u. per pound of carbon. 


Table SIC. —Heat Balance of Steam-genebating Unit Comprising Boiler, 
Superheater, and Reheater, with or without Integral Economizer. 

Solid Fuels 


Heat Values 

B.t.u. per 

Pound Fuel Per 
as Fired, Dry Cent 

2106. Heating value of fuel (higher heating value). .... .... 

2107. Heat absorbed by water and steam in boiler. .... .... 

2108. Heat absorbed by steam in superheater. .... .... 

2109. Heat absorbed by steam in reheater. .... .... 

2109a. Heat absorbed by steam-generating unit. .... .... 

Unavoidable Losses 

2110. Heat loss due to moisture in coal, moisture in theoretical 

air and water from combustion of hydrogen, up to <u .... .... 

2111. Heat loss due to theoretical dry gases, ti to tn . .... .... 

2112. Total unavoidable losses. .... .... 

Other Losses 

2113. Heat loss due to combustible in refuse. .... .... 

2114. Heat loss due to sensible heat in refuse, cinders, and soot .... .... 

2115. Heat loss due to unburned ga.seous combustibles. .... .... 

2116. Heat lo.ss due to excess air entering furnaces and mois¬ 

ture accompanying same, ii to in . .... .... 

2117. Heat loss due to theoretical dry gases, moisture in coal, 

moisture accompanying tht^oretical air, and moisture 

from combustion of hydrogen, into t& . .... .... 

2118. Heat loss due to excciss air entering furnace and moisture 

accompanying same, in to h . .... .... 

2119. Heat loss due to air and moisture leaking through boiler 

setting, to <6. .... .. . ■ 

2120. Heat loss due to unconsumed hydrogen and hydrocar¬ 

bons, radiation, and unaccounted for. .... .... 

Explanation of Compidations for Table SIC 
Item 31 (or 32). 

Ite m 94 X 1,000 
Item 79 (or 80) 

Item 95 X 1,000 
Item 79 (or 80) 

Item 96 X 1,000 
Item 79 (or 80) 

= Item 2107 + Item 2108 -f Item 2109. 


2106. - 

2107. == 

2108. = 

2109. = 
2109a. > 
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2110. 

2111 . 

2112. 

2113. 

211,4. 

2115. 

2116. 
2117. 


2118. 

2110 . 

2120. 


= (1,090.7 + 0.466 tn - tn) X ^ ^ 

lUU 

+ (Item 49 — Item 100) X Item 51 X 0.47 X (^n — ti), 
= Item 49 X (tn — < 4 ) X 0.24.t 
= Item 2110 -h Item 2111. 

_ Item 98 ~ Item 2 9 

inn ^ 14:,DUU. 


^T m 79^or 86) * item can be determined only in plants where ash 

and refuse are discharged into water. 


CO 

CO 2 4- CO 


X Item 100 X 10,160 (use data from Itt^ni 42). 


== (Item 45 — Item 49) X (^u — /d X (0.24 4- Item 51 X 0.47). J 

= {U — tn) X litem 49 X 0.24 4- [(Item 49 — Item 1(X)) X Item 51 

, Item 30 4- 9 X Item 364 ^ 

+---- JXO.47^. 

== (Item 45 — Item 49) X (^. — <n) X (0.24 4- Item 51 X 0.47). 

= (Item 46 — Item 45) X {U — tx) X (0.24 4- Item 51 X 0.47). 

- Item 2106 - sum of Items 2107, 2108, 2109, 2110, 2911, and 2113 to 2119 
inclusive. 


♦See footnote, p. .'US. 

t This is tile value in common use lor the specific heat of dry flue Rases. 

J The items in detail before combination arc: 

(Item 45 — Item 4tt) X 0.24 X (tu — tti -f (Item 45 — Item 40) X Item 51 X 0.47 X (tn — «4). 


Table S3B.—Heat Balance of Steam-generating Unit Comprising Boiler, 
Superheater, Reheater and Kconomizer. Solid Fuei.s 
I/eat Values 

B.t.u. per 

Pound Fuel Per 
as Fired, Dry Cent 

3106. Heating value of fuel (higher heating value). .... .... 

3107. Ilt^at absorbed by water in eeonomizer. .... .... 

3108. Heat absorlxul by water and steam in boiler. .... .... 

3109. Heat absorbed by steam in superheater... .... .... 

3110. Heat ahsorlu'd by st(‘am in reheattT. .... .... 

3110«. Heat absorbed by steam-generating unit. .... .... 

Umivoidahle Losses 

3111. Heat loss due to moisture in coal, moisture accompany¬ 

ing theoretical air, and water from combustion of 

hydrogen, up to fio. .... .... 

3112. Heat loss due to theoretical dry gases, f 4 to bo. .... .... 

3113. Total unavoidable losses. .... .... 


Other Losses 

3114. Heat loss due to combustible in refuse. 

3115. Heat loss due to sensible heat in refuse, cinders, and soot 

3116. Heat loss due to unburned gaseous combustibles. 

3117. Heat loss due to excess air entering furnace and moisture 

accompanying same, b to bo. 
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3118. Heat loss due to theoretical dry gases, moisture in coal, 

moisture accompanying theoretical air and water from 
combustion of hydrogen, <io to ^7 .. 

3119. Heat loss due to excess air entering furnace and moisture 

accompanying same, ^lo to <7 . 

3120. Heat loss due to air and moisture leaking through boiler 

setting, ti to t 7 . 

3121. Heat loss due to air and moisture leaking through econ¬ 

omizer setting, to /7 . 

3122. Heat loss due to unconsumed hydrogen and hydrocar¬ 

bons, radiation, and unaccounted for. 

Economizer 

3123. Heat available to economizer in flue gases including 

moisture from Uto ho . 

3124. Efficiency of economizer. 


3106. 

3107. 

3108. 

3109. 

3110. 
3110a. 

3111. 


3112. 

3113. 

3114. 

3115. 


3116. 

3117. 

3118. 


3119. 

3120. 

3121. 

3122. 


3123. 


Explajiation of Computations for Table SSB 
■ Item 31 (or 32). 

Item_93__X 1,000 
liem 79 (or 80) 
l t(>m 94 X 1,000 
It(‘m 79 (or SO) 

Item_95 X 1,000 
'lt('m 79 (or SO) ‘ 

Item_96^ 1,000 
Item 79 (or SO) 

Item 3107 + Item 3108 4* Item 3109 -j- Item 3110. 

^(Item 30 -f 9 X Item 36)\ , 

-ioo..) + 


= (1090.7 + 0.455 f 


!0 ~ 


- Item 100) X Item 51 X 0.47 X {Uo - U). 
Item 49 X (/.o - t.O X 0.24. 

Item 3111 -f Item 3112. 

(Item 9S - Item 29) X 14,600 
100 

W X (^14 - /.:<) 


This item can be determined only in plants where ash 


Item 79 (or SO) 

and refuse an^ discharged into water. 

^ _ CO 

CO, + CO 

- (Item 45 - Item 49) X (bo - b) X (0.24 4- Item 51 X 0.47). 

= (b — bo) X {Item 49 X 0.24 + [(Item 49 — Item 100) X Item 51 
, Ittiin 30 + 9 X Itei 


X Item 100 X 10,100 (use data from Ibaii 43). 


100 


— J X 0.47|- 


= (Item 45 - Item 49) X {I 7 - <io) X (0.24 + Item 51 X 0.47). 

— (Item 46 — Item 45) X (b — b) X (0.24 4- Item 51 X 0.47). 

= (Item 47 - Item 46) X (b - b) X (0.24 -h Item 51 X 0.47). 

= Item 3106 — sum of Items 3107, 3108, 3109, 3110, 3111, 3112, and 3114 to 

3121, inclusive. 

= (b — bo) X {Item 46 X 0.24 4- [(Item 46 — Item 100) X Item 51 
Item 30 + 9 X Item 36^ 


100 


X 0.471 • 











322 


POWER PLANT TESTING 


3124. 


_ Item 3107 ^ 

“ Item 3123 ^ 


Table S4B.—Heat Balance of Steam-generating Unit Comprising Boiler, 
Superheater, Reheater, Economizer, and Air Heater. Solid Fuels 

Heat Values 

B.t.u. Per 

Pound Fuel Per 
as Fired, Dry Cent 

4106. Heat per pound coal (as fired, dry) (higher heating value) .... .... 

4107. Heat absorbed by water in economizer. .... .... 

4108. Heat absorbed by water and steam in boiler and super¬ 

heater. .... .... 

4109. Heat absorbed by steam in superheater. .... .... 

4110. Heat absorbed by steam in reheater. . 

4110a. Heat absorbed by steam-generating unit. .... 

Losses 

4111. Heat loss due to combustible in refuse. .... ... 

4112. Heat loss due to sensible heat in refuse. .... 

4113. Heat loss due to incomplete combustion of carbon. .... .... 

4114. Heat loss due to theoretical dry gases, t 2 to k . .... .... 

4115. Heat loss due to moisture in coal, moisture accompany¬ 

ing theoretical air, and water from combustion of 

hydrogen, up to <8. .... .... 

4116. Heat loss due to excess air and accompanying moisture 

entering furnace, kor k . .... .... 

4117. Heat loss due to air and moisture leaking through boiler 

setting, tiVi k . .... .... 

4118. Heat loss due to air and moisture leaking through econ¬ 

omizer setting, <1 to 4. .... .... 

4119. Heat loss due to air and moisture leaking through air- 

heater setting, tito k . .... .... 

4120. Heat loss due to unconsumed hydrogen and hydrocar¬ 

bons, radiation, and unaccounted for. .... .... 

Economizer 

4121. Heat available to economizer in flue gases, including 

moisture, ie to fio. .... .... 

4122. Efficiency of economizer. .... .... 

Air Heater 

4123. Heat available to air heater in flue gases, including 

moisture, ktjo k . .... .... 

4124. Heat absorbed by air heater. .... .... 

4126. Efficiency of air heater. .... .... 

Note.—I f unit does not include economizer, do not fill out Items 4107, 4118, 4121, 
and 4122. If data are available for further segregation of losses, other items may be 
added. 

Explanation of Comjndaiions for Table S^B 
4106. == Item 31 (or 32). 

4107 « X 1,000 

Item 79 (or 80) 
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^ Item 94 X 1,000 
Item 79 (or 80) 

« 95 X ] ,000 

Item 79 (or 80) 

~ Item 96 X 1,000 
~ Item 79 (or 80) 

= Item 4107 -f Item 4108 + Item 4109 + Item 4110. 

(Item 98 — Item 29) X 14,600 

■' loo 

= Yq (or^80) determined only in plants where ash and ' 

refuse are discharged into water. 

OO 

= - I r< F\ X Item 100 X 10,160 (use data from Item 44). 

CyUa "T 

= Item 49 X (t> - 4) X 0.24. 

= (1090.7 + 0.455 - i.) X IJg P . 30 . +^X I tomjg 

+ (Item 49 — Item 100) X Item 51 X 0.47 X (^s — < 2 ) 

= (Item 45 — Item 49) X (h — U) X (0.24 + Item 51 X 0.47). 

= (Item 46 — Item 45) X (ta — ti) X (0.24 + Item 51 X 0.47). 

= (Item 47 - Item 46) X {h - U) X (0.24 + Item 51 X 0.47). 

= (Item 48 — Item 47) X {h — <i) X (0.24 -f Item 51 X 0.47). 

= Item 4106 “■ the sum of Items 4107, 4108, 4109, 4110, inclusive, and 4111 
to 4119, inclusive, and Item 4124. 

= (U — 1 10 ) X litem 46 X 0.24 + [(Item 46 — Item 100) X Item 51 
, Item 30 -f 9 X Item 361 ^ 


= (1090.7 + 0.455 <8 - < 12 ) X 


Item 4107 
Item 4121 ^ 

Item 50 X 0.24 X ih - U). 

(h - (..) X Item 50 X (0.24 + Item 61 X 0.47). 

X 100. 

Item 4123 


Table LI A. —Data and Results, Test of Stationary Steam-generating Unit. 
Liquid Fuels— As Fired—Moisture Free 

General Information 
Same as for boilers using solid fuels. 


Descriptions^ Dimensions, Etc. 

11. Boiler heating surface.sq.ft. 

12. Water-wall surface (water walls, screen or floor, and roof).sq. ft. 

13. Superheating surface.sq.ft, 

14. Economizer surface.sq.ft, 

15. Reheater surface.sq.ft. 

16. Total steam-generating unit surface.sq. ft. 

17. Air-heater surface.sq. ft. 

18. Number of burners. 

19. Method of producing draft 

20. Fuel. 

21. Area of furnace floor 


wide 


deep 


sq. ft. 
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22. Height of furnace floor to nearest heating surface.ft. 

23. Furnace volume per square foot of boiler heating surface.cu. ft. 


Fuel and Gas Analyses and Data 


Fuel—As Fired—Moisture free 

26. Moisture.per cent 

27. Heating value per pound, as fired.B.t.u. 

28. Heating value per pound, moisture free.B.t.u. 

29. Flashpoint.°F. 

30. Carbon.per cent 

31. Hydrogen.percent 

32. Oxygen.percent 

33. Nitrogen.percent 

34. Baum^ gravity.deg. 

34a. Sulphur.percent 


Gas 

35. Gas analysis, furnace; 

Per cent COa..CO.N 2 .SO 2 

36. Gas analysis, boiler outlet: 

Per cent CO 2 .O 2 .CO.No.SO 2 

37. Gas analysis, economizer outlet: 

Per cent CO 2 .O 2 .CO.N 2 .SO 2 

38. Gas analysis, air-heater outlet: 

Per cent CO 2 .O 2 .CO.No.SO 2 


39. Dry gas per pound fuel in furnace (as fired, moisture free).lb. 

40. Dry gas per pound find at boiler outlet (as fired, moisture free).lb. 

41. Dry gas per pound fuel at economizer outh^t (as fired, moisture free).lb. 

42. Dry gas per pound fuel at air-heater outlet (as fired, moisture free).lb. 

43. Dry gas per pound fuel, theoretical (as fired, moisture free).lb. 

44. Air supplied per pound fuel in furnace (as fired, moisture free).lb. 


Pressures and Drafts 

45. Moisture in air.lb. per lb. air 

46. Steam pressure by gage, boiler.lb. per sq. in. 

47. Steam pressure by gage, superheater outlet.lb. per sq. in. 

48. Steam pressure by gage, reheater inlet.lb. per sq. in. 

49. Steam pressure by gage, reheater outlet.lb. per sq. in. 

50. Pressure of fuel at burners.lb. per sq. in. 

51. Pressure of air for combustion at burners.in. of water 

52. Draft in furnace.in. of water 

53. Draft at boiler outlet.in. of water 

54. Draft at economizer outlet.in. of water 

55. Draft at air-heater outlet.in. of water 


Temperatures 

56. Steam temperature at superheater outlet.°F. 

57. Moisture in steam.per cent 

58. Superheat.°F. 

59. Moisture or superheat in steam entering reheater.per cent or ®F. 

60. Superheat in steam leaving reheater.®F. 

61. Temperature of air surrounding boiler {h) .®F. 
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62. Temperature of air entering air heater (da). 

63. Temperature of air leaving air heater (ds).®F. 

64. Temperature of air for combustion (Ia) .®F, 

66 . Temperature of furnace {h) .®F. 

66 . Temperature of gases leaving boiler (de).®F. 

67. Temperature of gases leaving economizer (tj) .°F. 

68 . Temperature of gases leaving air heater (ds).°F. 

69. Temperature of feed water entering boiler (U) .®F. 

70. Temperature of feed water entering economizer (ho) .°F. 

71. Temperature of water in boiler at point where gases leave boiler (dn).°F. 

72. Temperature of fuel at burner (tn) .°F. 


Hourly Quantities 

73. Duration of test. 

74. Fuel as fired per hour. 

75. Fuel per hour, moisture free. 

76. Fuel per cubic foot furnace volume per hour, as finnl. . 

77. Fuel per burner, per hour as fired. 

78. Fuel per burner, per hour, moisture free. 

79. Fuel per cubic foot furnace volume, moisture free. 

80. Actual water evaporated per hour. 

81. Steam through reh(‘ater per hour. 

82. Heat absorbed by water in economizer. 

83. Heat absort)ed })y water and steam in boiler. 

84. Heat absorbed by sti'am in superheater. 

85. Heat absorbed by stc*a.m in reluaiter. 

86. Hate of heat a])Sorption in economizer. 

87. Rate of heat absorption in boiler. 

88. Rate of heat absorption in superheater. 

89. Rate of heat absorption. 

90. Total rate of heat absorption by steam-generating unit 

Evaporation 


91. Rate of heat absorption per pound fuel (as fired). kB 

92. Rate of heat ab.sorption per pound fuel (moisture free). kB 

93. Rate of heat absorption p(;r square foot of steam-generating unit surface 

per hour. kB 

Efficiency 

94. Efficiency of steam-generating unit.per cent 

95. Comparative efficiency of steam-generating unit (when not equipped with 

air heater).per cent 


Table LIB. —Heat Balance of a Stationahy Steam-generating Unit. Short 

Form. Liquid Fuels 

B.t.u. per 
Pound Fuel 
as Fired, Per 
Moisture Free* Cent 

1095. Heating value of fuel. .... 

1096. Heat absorbed by water in economizer. .... 

1097. Heat absorbed by water and steam in boiler. .... 

1098. Heat absorbed by steam in superheater. .... 


.hr. 

.lb. 

.lb. 

.lb. 

.lb. 

.lb. 

.lb. 

.lb. 

.lb. 

B.t.u. per lb. 
B.t.u. per lb. 
B.t.u. per lb. 
B.t.u. per lb. 
.. kB per hr. 
.. kB per hr. 
. . kB per hr 
. . kB per hr. 
. . kB per hr. 
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1099. Heat absorbed by steam in reheater. 

1099a. Heat absorbed by steam-generating unit. 

1100 . Heat loss due to moisture in fuel. 

1 101. Heat loss due to water from combustion of hydrogen. . . 

1102. Heat loss due to moisture in air. 

1103. Heat loss due to dry chimney gases. 

1104. Heat loss due to incomplete combustion of carbon. 

1105. Heat loss due to unconsumed hydrogen and hydrocar¬ 

bons, radiation, and unaccounted for. 


* If test is on a moisture-free ba.sis, draw a line through “as fired" wherever the words “as fired, 
moisture free" appear together, and vice versa. Whichever basis is chosen must be followed throughout 
Percentage results in heat balance will be the same in either case. 


Explanation of Computations for Tables lAA and LIB 
Symbols 

Wherever CO 2 , O 2 , CO, and N 2 ar(‘ used, they arti tlie pere(uitages by volume of 
these constituents in the gases of combustion. 

hg = total heat (in B.t.u. per pound) of saturated steam at the boiler-outlet 
pressure. 

hgi = total heat (in B.t.u. per pound) of superheated steam at th(i superheater- 
outlet pressure. 

hgi = total heat (B.t.u. per pound) of steam at reheater-inlet pressure. 

hgs = total heat (B.t.u. per pound) of superheated steam at rcheater-outlet 
pressure. 

hgw — total heat (in B.t.u. per pound) in feetl water at boiler inlet. 

hgei = total heat (in li.t.u. per pound) in feed water at ec.onomizer inlet. 

hfa = latent heat (in B.t..\i. per pound) in steam at pressure in steam main. 

U = temperature of stc^ain after expansion in calorimeter. 

kB = absorption of 1000 B.t.u. 

11 and 12 . Boiler heating surface shall consist of that portion of the surface of the 
heat-transfer apparatus in contact with the fluid being heated on one side and the gas 
or refractory being cooled on the other, in which the fluid being heated forms part 
of the circulating system. This surface shall be measured on the side receiving heat. 
This includes the boiler, w'ater walls, water screens, and water floor. Heating surface 
located in the furnace or furnace boundaries shall be measured as follows: 

Tubes wholly exposed or wholly or partly embedde^d in refractory—that portion 
of the surface of the tubes which is exposed to the gas or refractory being cooled. 

Tubes provided with extended surface—that portion of the surface of the tubes and 
the extensions which is exposed to the gas being cooled. 

Tubes protected by blocks rigidly attached to the fire faces—that portion of the 
surface of the blocks which is exposed to the gas being cooled. 

13. Superheater surface shall consist of that portion of the surface of the heat- 
transfer apparatus exposed on one side to the gas being cooled and on the other 
to steam being heated after leaving the boiler circulating system, the surface being 
measured on the flue-gas side. 

14. Economizer surface shall consist of that portion of the surface of the heat- 
transfer apparatus exposed on one side to the gas being cooled and on the other to 
fluid being heated before entering the boiler circulating system, the surface being meas¬ 
ured on the flue-gas side. 
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16. Reheater surface shall consist of that portion of the surface of the heat-transfer 
apparatus exposed on one side to the gas being cooled and on the other to steam being 
heated after expansion, the surface being measured on the flue-gas side. 

16. The steam-generating unit heating surface shall consist of that portion of the 
surface of the heat-transfer apparatus exposed on one side to the gas or refractory 
being cooled and on the other to the fluid being heated, measured on the side receiving 
heat. This item equals the sum of Items 11, 12, 13, 14, and 15. 

17. Air-heater surface shall consist of that portion of the surface of the heat-trans¬ 
fer apparatus exposed on one side to the gas being cooled and on the other to air being 
heated for combustion, the surface being measured on the flue-gas side except that in 
air heaters of the regenerative type, where the surfaces are alternately in contact with 
gas and air, the air-heater surface shall be determined for the purpose of this code by 
multiplying the total surface of the apparatus by that proportion continuously in 
contact with the gas being cooled. 

19. State whether natural, forced, induced, or a combination of one or more kinds 
of draft is employed. 

20. State general class of fuel, give district where produced. 

23. Furna(re volume is the cubic space provided for the combustion of fuel before 
the products of combustion pass through any heating surface. 


26 to 34. fired analysis items = dry analysis items X ^1 — 

* >io + ^<^^2 + 7(CO + NO ^ Item 30 ^ _ 

39 to 42.--X See Fq. (7b) (page 330). 


43. - 


12.52 X Item 30 -b 26.56 X Item 31 + Item 33 X 1 + 5.325 X Item 34o 

100 “ 


44. 


= Item 39 


9 X It(*m 31 
100 


1 . 


57. Determine either from charts or if a throttling calorimeter discharging into 
atmosphere (page 82) is used, by the following formula: 

100 X - 1^50.4 - 0.47 X (t. - 212) 


82. 

83. 


84. 

85. 

86 . 

87. 

88 . 

89. 

90. 

91. 

92. 


93. 


~ {hfjw hgei). 

~ (^<7 

“ (^<( 71 ~ h,g)- 
~ Uh’A 

_ Item 80 X Item 82 

1,000 

_ Item 80 X Item 83 

_ Item 80 X Item 84 

1,000 

_ Item 81 X Item 85 

Hobo 

= It(*m 86 + Item 87 + Item 88 -f Item 89. 

Item 74 
_ Item 90 
Item 76 
_ Item 90 
Item 16 

Item 91 (or 92) X 1,000 ^ 

Item 27 (or 28) ^ 


94 . 



328 


POWER PLANT TESTING 


95. 


_ Item 91 X 1,000 _ 

Item 27 4* {U - 70) X (Item 44 X 0.24) 

_ Item 92 X 1,000 _ 

Item 28 + (U - 70) X (Item 44 X 0.24) 


X 100 or 
X 100. 


Explanation of Computatiom for Table LI B {only) 


1096. 

1097. 

1098. 

1099. 
1099a. 

1100 . 

1101 . 


Item 86 X 1,000 
Item 74 (or 75)'* 

Item 87 X 1,000 
Item 74 (or 75) * 

Item 88 X 1,0 00 
Item 74 (or 75) 

Item 8 9 X 1,000 
Item 74 (or 75) 

Item 1096 + Item 1097 + Item 1098 + Item 1099. 
Item 26 

“Too” 

Item 31 X 9* 


100 


X (1090.7 + 0.455 U - tn). 

X (1,090.7 -h 0.455 <6 - ^n). 


If economizer is installed with¬ 


out air heater, substitute U for h. If air heater is installed, substitute for 
Uin Items 1100, 1101, 1102, and 1103. 

1102. = Item 44 X Item 45 X 0.47 X {U — L). This item is small and is fre¬ 

quently included in Item 1103. 

1103. = Item 40 (or 41 or 42) X 0.24 X (U — tj). If boiler and sup(;rheater, use 

Item 40; if economizer, use Item 41; if air heater, use Item 42. 

Item 30 X 10,160 i ^ r t. i 

1104. = QQ - (x) ^-fQO-' data from Items 3b, 37, or 38, de¬ 

pending; on whether boiler and superheater are installed alone or with 
economizer but without air heater, or with air heater. 

1105. = Item 27 (or 28) — sum of Items 1096 to 1104, inclusive. 


♦See footnote p. 318. 


Table L2B.— Heat Balance of Steam-generating Unit Comprising Boiler, 
Superheater, and Reueater with or without Integral Economizer. 

Liquid Fuels 
Heat Values 

B.t.u. per 
Pound Fuel 
as Fired, Per 
Moistun; Free * Con t 

2096. Heating value of fuel (higher heating value). .... 

2097. Heat absorbed by water and steam in boiler. .... 

2098. Heat absorbed by steam in superheater. .... 

2099. Heat absorbed by steam in reheatcr. .... 

2099a. Heat absorbed by steam-generating unit. . .... 

Unavoidable Losses 

2100. Heat loss due to moisture in fuel, moisture accompany¬ 

ing theoretical air, and water from combustion of 

hydrogen, up to . . .... 
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2101. Heat loss due to theoretical dry gases, <4 to . 

2102. Total unavoidable losses. 

Other Losses 

2103. Heat loss due to incomplete combustion of carbon. 

2104. Heat loss due to excess air entering furnace and moisture 

accompanying same, ^4 to . 

2106. Heat loss due to theoretical dry gases, moisture in fuel, 
moisture accompanying theoretical air, and water 
from combustion of hydrogen, into U . 

2106. Heat loss due to excess air entering furnace and moisture 

accompanying same, into U . 

2107. Heat loss due to air and moisture leaking through boiler 

setting, to <6. 

2108. Heat loss d\ie to unconsumed hydrogen and hydrocar¬ 

bons, radiation, and unaccounted for. 

* See footnote, p. 315. 


2096. 

2097. 

2098. 

2099. 
2099a. 

2100. 

2101. 

2102. 

2103. 

2104. 

2105. 

2106. 

2107. 

2108. 


Explanation of Computations for Table L2B 

= Item 27 (or 28). 

= Item 87 X 1 ,000 
Item 74 (or 75) 

= Item 88 X 1 ,000 
Item 74 (or 75) 

^ 8 9 X 1 ,000 

Item 74 (or 75) 

= Item 2097 -f Item 2098 + Item 2099. 


= (1,090.7 + 0.455 tn - < 12 ) X 


(Item 26 + 9 X Item 31) 


100 


<4). 


+ (Item 43 — Item 30) X Item 45 X 0.47 X (tu 
= Item 43 X (tu - U) X 0.24. 

= Item 2100 + Item 2101. 

PO 

= r~ 7 T 7 \ X Item 30 X 10,160 (use data from Item 36). 

t-'02 “F * 't) 

= (Item 39 — Item 43) X {in — t^) X (0.24 + Item 45 X 0.47). 

= (i, - in) X I Item 43 X 0.24 + j^(ltera 43 - — X Item 46 

It(;m 26 + 9 X It em 31J 0 47| • 

= (Item 39 - Item 43) X (In - tc:) X (0.24 + Item 45 X 0.47). 

= (Item 40 - Item 39) X ((« - <.) X (0.24 + Item 45 X 0.47). 

= Item 2096 - sum of Items 2097, 2098, 2099, 2100, 2001 and 2103 to 2007 
inclusive. 


Other Boiler Test Codes. —For special forms of heat balance to be 
used with liquid fuels when the steam-generating unit is equipped with 
separate economizer and with air heater, and complete codes for gaseous 
fuel, see A.S.M.E. Test Codes ‘‘Stationary Steam Generating Units 
(approved January, 1930, pp. 25-35). 
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COMPUTATION OF THE WEIGHT OF THE CHIMNEY GASES FROM 
THE ANALYSIS BY VOLUME OF THE DRY GAS 

Two methods of calculating from the analysis by volume of the dry 
chimney gases the number of pounds of dry chimney gases per pound 
of carbon, or the weight of air supplied per pound of carbon, have been 
given by different writers. These may be expressed in the shape of 
formulas as follows: 


(A) Pounds dry gas per pound C 

(B) Pounds air per pound C 


IICO 2 + 8 O 2 + 7(CO + N 2 ) 
3(C62 + CO) 

, 2 (C 02 + O 2 ) + CO 
CO 2 + CO 


(76) 

(77) 


in which CO 2 , O 2 , CO, and N are percentages by volume of the gases. 

Formula (^4) may be derived from the method of computation given in 
R. S. Haleys paper on “Flue-gas Analyses,” Transactions A.S.M.E.j 
Vol. 18, page 902, and formula {B) from the method often given in trea¬ 
tises on steam boilers. Both are based on the principle that the density, 
relatively to hydrogen, of an elementary gas (oxygen and nitrogen) is 
proportional to its atomic weight, and that of a compound gas (carbon 
monoxide and carbon dioxide) to one-half its molecular weight. Both 
formulas are very nearly accurate when pure carbon is the fuel burned, 
but formula {B) is inaccurate when the fuel contains hydrogen, as the 
portion of the oxygen of the air supply which is required to burn the 
hydrogen is contained in the chimney gas as water vapor and does not 
appear in the analysis of the dry gas. 

The following calculations of a supposed case of combustion of 
hydrogenous fuel illustrate the accuracy of formula (A) and the inac¬ 
curacy of formula (B). Assume that the coal has the following analysis: 
carbon, 66.50; hydrogen, 4.55; oxygen, 8.40; nitrogen, 1.00; water, 10.00; 
ash and sulphur, 9.55—total, 100 per cent. Assume that one-tenth of the 
carbon is burned to carbon monoxide, and nine-tenths to carbon dioxide; 
that the air supply is 20 per cent in excess of that required for this com¬ 
bustion; that the air contains 1 per cent by weight of moisture; and that 
the S in the coal may be considered as part of the ash. We then have the 
summary of results (shown on page 331) of the combustion of 100 pounds 
of coal. 

Professor D. S. Jacobus gives another formula for the air per pound 
of carbon, in which the error of Eq. (77) is almost entirely avoided. 
It is 

Formula (C): 


Air per pound C - 3 ((joJ+ qO) " 6 7 33 ( 00^+00) ' 


(78) 
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in which N, CO 2 , and CO are the percentages by volume of these gases. 
Making the computation from the data of the foregoing analysis, we have: 

Air per pound C - 1.584) * 

The true value (as above) is 15.414 pounds. 


59.85 pounds C to COs X 2f. 
6.65 pounds C to CO XU.. 
3.50 pounds H to H 2 O X 8., 


1.05 pounds H to H 2 O 1 
8.40 pounds H to H 2 O / 

10.00 pounds water. 

1.00 pound N.. 

9.55 pounds ash and sulphur. 

100.00 

Excess of air 20 per cent. 


Moisture in air I per cent. 


Total weight gases, 1,125.76 pounds 


Total dry gases, 1,004,56 pounds. I 

Per cent 0 

Total dry gases, by weight. 3.69 

Total dry gases, by volume. 3.508 



219.45 15.52 61.20 


CO2 CO 
20.61 1.546 

14.252 1.584 


Total gases = 1,125.76 + ash and sulphur (9.55) = 1,135.31 pounds total products. 

Total air ~ 1,025.06 + moiature in air (10.25) -f coal (100) = 1,135.31 pounds. 

Dry gas per pound coal - 10,6456; per pound carbon = 10.6456 -v- 0.665 = 16.008 pounds. 
Dry air per pound coal = 10.2506; per pound carbon = 10.2506 -r 0.665 = 15.414 pounds. 
Computation of the weight of dry gas and of air per pound carbon. 

Formula (70): 

14.252 X 11 + 3.508 X 8 + 82.240 X 7 

Dry gas per pound C = ----r,;77Trco rVeoTT-- “ 16.008 pounds. 

“r j ,004) 

Formula (77): 

2(14.252 + 3.508) + 1.584 

Air per pound C — 5.8-—--— = 13.589 pounds. 

14.252 + 1.684 


The error in the last result is 15.414 


1.825 pounds. 
































CHAPTER XII 


STEAM-ENGINE TESTING 


Most important of the tests made of nearly all classes of machinery is 
the test for mechanical efficiency, which means the comparison of the use¬ 
ful work performed with the amount of work which it is theoretically 
possible to obtain with a perfect machine. In other words, in an engine 
the mechanical efficiency Em is the ratio of the brake horsepower to the 
indicated horsepower, or 

( 79 ) 

Steam-engine Testing 

Tests for Mec’hanical Efficiency and Friction 

Date...Test made by. 

Description of engine tested. 


Tare of brake.pounds Length of brake arm.feet 

Engine and brake constants (see pp. 152 and 158). 


Time 

Weight on 
brake, 
pounds 

R.p.m. 

Areas of indi¬ 
cator, cards, 
square inches 

Indicated horsepower 

Brake 

horse¬ 

power 

Fric¬ 

tion 

horse¬ 

power 

Mechanical 
efficiency, 
per cent 

Gross 

Net 

Head 

end 

Crank 

end 

Head 

end 

Crank 

end 

Total 













The difference between the indicated horsepower and the brake horse¬ 
power is called the friction horsepower. In many cases with very 
large engines, it is not readily possible to obtain the brake horsepower 
directly, and in such cases it is customary to obtain approximately the 
horsepower lost in friction from so-called ‘‘friction indicator diagrams, 
obtained from the areas of indicator diagrams when the only work done 
is that required to overcome its own friction or, in common parlance, 
when the engine is “running light.The brake horsepower is then 
taken to be the difference between the indicated horsepower and the 
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friction horsepower. Such a determination of friction horsepower and of 
mechanical efficiency by calculation cannot be considered very accurate, 
because the friction of an engine increases slightly with increasing loads. 

Observed and calculated data of mechanical efficiency may be 
tabulated as shown in the table on page 332. 

Valve Setting (Slide-valve Engines). —In order that steam may be 
used economically in an engine, it is necessary that the valve be set 



Fia. 257.—Ordinary D-slide valve in mid-position. 



carefully and accurately, so that when an indicator card is taken the 
diagram obtained will be as nearly as possible like the ideal. Adjust¬ 
ment of a slide valve on an engine is accomplished in two different ways, 
with different effects: 

1 . By moving the valve on its stem. 

2. By adjusting the eccentric. 

Typical slide valves are shown in Figs. 257 and 258. 

To Set the Valve for Equal Leads. —The first step in setting a valve 
is to place the engine on dead center and adjust the angle between the 
crank and eccentric so that the valve opens the port leading to the 
cylinder a slight amount. The width of the opening should be measured 
and recorded as a preliminary value of the lead on that end^—assume, 
for example, it is | inch. Then the engine should be placed on the 
opposite dead center and the port opening on that end measured and 
recorded as the preliminary value of the lead on that end—suppose it 

^ It is assumed, of course, that corresponding dimensions of the ports are the same 
at the two ends of the valve seat. 
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is iV inch. There is, then, a difference in lead on the two ends of A 
inch. The valve must be moved on its stem a distance equal to half the 
difference, or A inch. This movement of the valve will be in a direction 
away from the port having the smaller opening. 

By the method described the two leads of the valve will be made the 
same; in other words, the distance the valve uncovers the steam ports 
when the engine is on the dead center will be the same at both ends of the 
cylinder. But while the leads are equal, they are not necessarily the 
required amount and it remains to set the eccentric to give the leads 
desired. Place the engine once more accurately on dead center and, 
after loosening the eccentric, move it on the shaft so as to change the 
lead to the amount desired. As a final check, after securing the eccentric, 
the engine can be placed on the other dead center to see that the lead 
is correct.^ 

An engine can be put on dead center quite accurately by the method 
of trammels. When the engine is just a little off the center to be deter¬ 
mined, make small scratch marks opposite each other both on the cross¬ 
head and on one of the guides. Now set a pair of dividers or trammels 
with one end resting on the bedplate of the engine, its foundation, or 
some convenient stationary object near the flywheel, and with the other 
end mark a point on the flywdieel. The engine should then be moved 
over or beyond the dead center until the marks made on the cross-head 
and on the guide come together again. With the dividers set with the 
points the same distance apart as before, again put a mark on the flywheel. 
Then if the engine is turned back so that the end of the dividers used to 
mark on the flywheel is at a point halfway between the two marks, it 
will be set quite accurately on the dead center required. In all these 
adjustments care must be taken to turn the engine each time in the same 
direction with respect to the dead center so that the lost motion or back¬ 
lash is taken up in the same direction. The engine must be placed 
accurately on center, because when the crank is near the dead center the 
eccentric is in such a position that a slight movement of the shaft causes 
considerable movement of the valve. 

A somewhat similar method can be used to find the dead center 
of an engine with an enclosed crank case, like a multicylinder auto¬ 
mobile engine. In an engine of this kind, there are no cross-heads, 
each connecting rod being attached directly to a wrist pin in the engine 
piston, as in Fig. 259. In the application of the ‘HrammeF’ method to 
this case, two narrow marks are made opposite each other, one on the fly¬ 
wheel and the other on the engine frame as at C, when the piston is in some 
position off dead center like that in the figure. Through a spark-plug 

^ This method applies explicitly only to a valve like the one in Fig. 257, which takes 
steam on the outside.” When the valve takes steam on the inside (Fig. 258), the 
eccentric must be moved in the opposite direction. 
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hole (or priming cock hole, if there is one) the distance between the top of 
the piston as at A and the outside surface of the cylinder at B should be 
accurately measured. Obviously, the top of the piston should be clean 
(not covered with a layer of carbon) if an accurate determination is to be 
made. Then the engine is turned over its upper dead center till the dis¬ 
tance between A and B is the same as before. In this position make a 
mark on the engine frame opposite the new position of the mark C that 
was originally made on the flywheel. Assume 
for clearness in making the diagram that this 
mark on the engine frame is at D. Then the 
engine will be on dead center when the mark 
C on the flywheel is at E which is midway 
between C and I). 

To set the valve for equal cut-offs, the 

valve is first set on its stem to make its 
movement, for convenience, approximately 
symmetrical with the ports. Now an adjust¬ 
ment of the eccentric must be made so that 
steam will be cut off at each end of the cylinder 
when the piston hasjnoved the same distances 
or the same percentage of the stroke from the 
two ends. To perform this adjustment, mark 
on the cross-head as accurately as possible the 
limits of the stroke, and set t he cross-head at 
the percentage of the stroke for cut-off appear¬ 
ing to be most suitable for the conditions of fi«. 259.-~Dead-oentor 
load. Move the eccentric on the shaft in the for engine with enolosed 

direction in which the engine is to run until it 

can be seen that the valve would be just closing the steam port at the 
end of the cylinder from which the piston is moving. Fasten the eccen¬ 
tric securely in this position and turn the engine over to observe whether 
the valve will be just closing the other steam port when the piston has 
moved the same distance, measured on the cross-head, from the other 
end of the cylinder. If the setting is not correct, the error should be 
halved, correcting for one-half the error by moving the valve on the stem 
and for the other half by moving the eccentric on the shaft. This opera¬ 
tion, which is a ‘^cut-and-try^^ process, must be repeated until the 
required setting is secured. 

Methods similar to those described are preferred usually for the accu¬ 
rate setting of the slide valves of slow- and medium-speed engines. 
High-speed engines as well as slow-speed engines of the Corliss type 
have their valves set usually on the basis of the information secured 
from indicator diagrams taken on the engines, showing approximately the 
“timing” of the events of the stroke. To set a slide valve successfully 
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by the ‘‘indicator^' method, the valve and ports should be measured 
to determine the ‘‘lap’’ dimensions and port openings indicated in 
Fig. 257 (page 333), as well as the valve travel. With these data a 
Zeuner valve diagram should be constructed, showing a good steam dis¬ 
tribution for assumed lead or cut-off. Then construct the theoretical 
indicator card from the Zeuner diagram and adjust the setting of the valve 
on the stem and the eccentric on the shaft until a close approximation to 
the theoretical card is obtained. In this adjustment the first thing to be 



done is to equalize the travel of the valve by locating it on its stem so 
that the travel will be the same on both sides of its mid-position. 

Valve setting is often expedited by referring during the process of 
setting to valve diagrams, constructed by either the Zeuner or the Bil- 
gram method. Although the Bilgram method is excellent for designers, 
it is not so convenient as the Zeuner for valve-setting requirements. The 
two methods are explained briefly in the following paragraphs: 

Zeuner Diagram ,—Draw horizontal and vertical intersecting lines 
XX' and XY' as in Fig. 260. At 0 as a center draw two circles, one 
having a diameter equal to' the stroke of the engine and the other having 

^ In making valve diagrams “equal to” dimensions may, of course, be taken to 
convenient scales. 
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a diameter equal to the valve travel. From 0 lay off the distance equal 
to the steam lap OA plus the lead AB. At B erect a perpendicular and 
from the intersection of the perpendicular with the valve travel^' circle 
draw the line COC\ The angle YOC is the angle of advance. With 
CO and C'O as diameters draw two ''valve circles.^' When the crank has 
revolved to the position OF, the valve has traveled from its mid-position 
a distance equal to OO. Valve distances may be obtained similarly for 
other crank positions. With O as a center draw two circles, one having a 
radius equal to the steam lap and the other having a radius equal to the 



exhaust lap, as, for example, 0.1 and OEj respectively. Through the 
intersection of the "vahe circles'^ OBCDO and the "steam lap circle” 
draw the lines OF and 00. The line OF represents the position of the 
crank when the admission at the head end is taking place as the valve 
has moved a distance from the mid-position equal to the steam lap OA. 
By the same reasoning the line 00 represents the crank position when cut¬ 
off occurs at the head end. Through the points where the " valve circles” 
and "exhaust lap circle” intersect draw the lines OK and OL. The line 
OL represents the crank position when release occurs and OK the crank 
position when compression occurs at the head end. By the same method 
the crank positions for the events at the crank end may be determined. 

Bilgram Diagram .—Draw horizontal and vertical lines XX' and FF' 
as in Fig. 261. From their intersection O as a center draw a circle having 
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a diameter equal to^ the stroke of the engine and another circle hav¬ 
ing a diameter equal to the valve travel. Lay off AB away from XX' 
at a distance equal to the lead CD and parallel to XX', With a radius 
EC equal to the steam lap draw a circle having its center on the ^Waive 
travel circle^' and tangent to CD, Having located the point E draw 
the line EOE', The angle EOD is the angle of advance. The dis¬ 
placement of the valve from its mid-position for any crank position 
can be obtained by dropping a perpendicular from E to the line repre¬ 
senting the crank position. For example, when the crank is at OF 
the amount of travel of the valve from its mid-position is KE, The 
distance KE is equal, however, to the steam lap, so that the cut-off occurs 
at the head end when the crank is at OF, Likewise other events may be 
obtained. OJ is the crank position for admission, OG for release, and 
OH for compression. By similar reasoning the position of the crank for 
the crank-end events can be found. 

When checking valve setting by the indicator method, use a spring 
in the indicator to give a diagram about inches high so that events of 
the stroke will be shown as clearly as possible. Sometimes it is difficult 
to determine these events on a diagram on account of the curves gradually 
running into each other without the point separating the different curves 
being clearly defined. A good method for such cases is to produce along 
their regular trend both of the curves of which the intersection is required 
and take for the intersection the point where these curves cross each other. 
The method is illustrated on an indicator card in Fig. 267 (page 361) show¬ 
ing the point of cut-off. 

In a slide-valve engine it is not possible to set the valve to secure at 
the same time equal cut-offs and equal leads. 

The following table shows the effect on the events in the stroke of an 
engine of changing the angle of advance and the length of the valve 
stem: 



Effect of increasing 

Angle of advance 

Stern length 

Head end 

Crank end 

Head end 

Crank end 

Outside lap. 

Same 

Same 

Increases 

Decreases 

Inside lap. 

Same 

Same 

Decreases 

Increases 

Lead. 

Increases 

Increases 

Decreases 

Increases 

Admission. 

Earlier 

Earlier 

Later 

Earlier 

Cut-off. 

Earlier 

Earlier 

Earlier 

Later 

Release. 

Earlier 

Earlier 

Earlier 

Later 

Compression. 

Earlier 

Earlier 

Later 

Earlier 


^ In making valve diagrams equal to*’ dimensions may, of course, be taken to 
convenient scales. 
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Fig 262 —Samples of ideal and imperfect indicator diagrams {From Power,) 
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Ideal and imperfect indicator diagrams taken from slide-valve and 
Corliss engines are shown in Fig. 262. A little study of such diagrams 
may help to solve many difficulties in valve setting. 

Setting Corliss Valves. —A brief description^ of the essential parts of 
the valve gear of a Corliss engine will assist in obtaining a clearer con¬ 
ception of the subject. In Figs. 263 and 264 similar letters of reference 
indicate the same parts of the mechanism. 



Figure 263 shows all the essential parts of the valve gear. The steam 
valves work in the chambers S, S and the exhaust valves work in the 
chambers E, E. The double-armed levers ACy AC work loosely on the 
hubs of the valve-stem brackets and the lever arms B, B] the former are 
connected to the wrist plate W by the rods My M ; the levers By B are 
keyed to the valve stems F, V and are also connected by the rods 0, 0 
to the dashpots D, D. The double-armed levers carry at their outer 
ends Cy C hardened steel catch plates, which engage with arms By B, 
making the two arms B and C work in unison until steam is to be cut off; 
at this point another set of levers Hy Hy connected by the cam rods Gy G 
to the governor, come into play, causing the catch plates to release the 
arms By By the outer ends of which are then pulled downward by the 
weight of the dashpot plunger, causing the steam valves to rotate on their 

' 'this description is mainly from Am. Machinisty Vol. 18, p. 391. For clearness 
the article is considered unusually good. 
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axes and thus cut off steam. These are the essential features of the 
Corliss gear, although the design of the mechanism is greatly modified by 
different builders. 

The exhaust-valve arms F are connected to the wrist plate by the rods 
Nf Ny and it is seen that all the valves receive their motion from the wrist 
plate; the latter receives its motion from the hook rod /; this rod is 
generally attached to a rocker arm, not shown; to this arm the eccentric 
rod is also attached. The carrier arm is usually placed about midway 
between the wrist plate and eccentric and in the center of its travel 
stands in a vertical position. 



Fig. 2G4.—Diagram of a Corliss valve mechanism. 


The setting of the valves is not a difficult matter when, on the wrist 
plate, its support, valves and cylinder, the customary marks have been 
placed for finding the relative positions of wrist plate and valves. 

Now in referring to Fig. 264, when the back bonnets of the valve 
chambers have been taken off, there wdll be found a mark or line a on the 
end of each valve .s, n, coinciding wdth the working or opening edges of 
each valve; another line h will be found on each face of the steam-valve 
chamber coinciding with the working edge of the valve, and the line /i, 
on the face of each exhaust-valve chamber, coincides with the working 
edge of the exhaust port. On the hub of the wrist plate will be found a 
line d, coinciding wdth the center line d, k; lastly, there are three lines/, 
r,/, on the hub of the wrist-plate support, placed in such a way that, when 
the line d coincides with the line c, the w rist plate will stand exactly in the 
center of its motion and, when the line d coincides with either of the lines 
/, /, the wrist plate will be at one of the extreme ends u or v of its travel. 
It should be noticed that, since the lines/, e,/ are drawn on the periphery 
of the hub of the wTist-plate support, and the line d is drawm on the periph¬ 
ery of the wrist-plate hub, these lines cannot stand in a vertical line, 
as shown. This way of showing them has been adopted simply for the 
purpose of making the matter plain. 
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In setting the valves, the first step will be to set the wrist plate in its 
central position, so that lines c and d will coincide, and fasten the wrist 
plate in this position by placing a piece of paper between it and the 
washer L on its supporting pin. Now set the steam valves so that they 
will have a slight amount of lap, that is to say, the lines a, a must have 
moved a little beyond the lines b, b. The amount of this lap depends much 
on individual preference and experience. It ranges from iV to I inch for 
small engines, and from i to A inch for comparatively large engines. 
This lap is obtained by lengthening or shortening the rods Mj M by means 
of the adjusting nuts. 

Now by lengthening or shortening the rods N, N and by moving the 
adjusting nuts, place the exhaust valves e, e in a position so that the 
working edges will just open the exhaust ports, or, in other words, place 
the lines g and h nearly in line with each other. Some engineers prefer 
a slight amount of lap, others prefer a slight opening of the exhaust ports 
when the valves are in this position; under these conditions the lines 
g and h cannot be in line but will stand apart , as indicated in the dia¬ 
gram. The distance between these lines will, of course, be equal to 
the desired amount of opening. For small engines it is about A inch, 
and for larger engines may be increased to A inch, but in any case the 
amount of this opening should be less than the lap of the steam valves, 
otherwise there will be danger of steam blowing through without doing 
work. 

The paper between the wrist plate and the washer on the supporting 
pin should now be taken out, so that the wrist plate connected to the 
valves can be swung on its pin. 

The next step will be to give some attention to the rocker arm. Set 
this arm in a vertical position by means of a plumb line, and connect the 
eccentric rod to it, then turn the eccentric around on the shaft, and see 
that the extreme points of travel are at. equal distances from the plumb 
line. To secure this a little adjustment in the stub end of the eccentric 
rod may be necessary. Now connect the hook rod I to its pin on the 
wrist plate, and again turn the eccentric around on the shaft, and thus 
determine the extreme points of travel of the wrist plate. If all parts 
have been correctly adjusted, the line d will coincide with the lines /, / 
at the extreme points of travel; if this is not the case, the hook rod will 
have to be adjusted at its stub end so as to obtain the desired equalized 
motion of the wrist plate. 

The next step will be to set the valves correctly with respect to the 
position of the crank. To do so the lengths of the rods Af, M, N, and 
N must not be changed, but the following procedure should be followed: 
Place the crank on one of its dead centers, and turn the eccentric loosely 
on the shaft in the direction in which the engine is to run, until the steam 
valve nearest to the piston shows an opening or lead of ^ to J inch, 
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according to size of engine, the smaller lead, of course, being adopted for 
small engines. After the proper lead has been given to this valve, secure 
the eccentric, and turn the shaft with eccentric in the same direction in 
which the engine is to run until the crank is on the opposite dead center, 
and notice if the opening or lead at this end of the cylinder is the same 
as on the other steam valve; if not, shorten or lengthen slightly, as may 
be necessary, the connection between wrist plate and eccentric. Much 
adjustment in the length of these connections is not permissible without 
resetting the valves with reference to the wrist plate. 

The only thing which now remains to be done is to adjust the cam 
rods Gf G, To do this, secure the governor balls in their highest position, 
and disconnect the hook rod from wrist pin. Lengthen or shorten the 
cam rods G, G, so as to bring the detachment apparatus into action, 
swing the wrist plate back and forward, and make such adjustments in 
the rods G, G as to permit the steam valves to be released when the 
steam port has been opened about | inch. This adjustment is for the 
purpose of keeping the engine under the control of the governor, in 
case, for some reason or another, the load on the engine is suddenly 
thrown off. After this adjustment the governor balls should be placed 
in their lowest position, in which the releasing gear should not detach 
the steam valves but allow the steam to enter nearly full stroke. Some¬ 
times the releasing gear is constructed in such a manner as to close the 
steam valves automatically, in case the belt leading to the governor 
should be broken, or the load on the engine suddenly thrown off. In 
cases of this kind the governor balls need not be placed in their highest 
position but should be placed in their lowest position, and the wrist 
plate moved to either end of its extreme travel. The steam port opposite 
this end of travel of wrist plate will then be wide open. Now adjust 
the corresponding cam rod so that the releasing gear is nearly on the 
point of releasing the valve; then move the wrist plate to the other end 
of its extreme travel and adjust the other cam rod in the same manner. 
To prove the correctness of the cut-off adjustment, raise the governor 
balls to about the position they would be when at work, or to a medium 
height, and block them there; then, with the connection made between 
the eccentric and the wrist plate, turn the engine shaft slowly in the 
direction in which it is to run, and when the valve is released measure 
upon the slide the distance through which the cross-head has moved 
from its extreme position. Continue to turn the shaft in the same 
direction, and when the other valve is released measure the distance 
through which the cross-head has moved from its extreme position, 
and if the cut-off is equalized, these two distances will be equal to each 
other. If they are not, adjust the length of the cam rods until the 
points of cut-off are at equal distances from the beginning of the stroke. 
Replace the back bonnets and see that all connections have been properly 
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made, which will complete the setting of the valves. Wherever con¬ 
venient, it is desirable that an indicator be applied to the engine when 
at work, and the setting of the valves tested. If necessary, they should 
be readjusted for the best possible condition for economical work. 

Clearance Determination of an Engine. —This test is made usually to 
determine the clearance volume of a steam or a gas engine. It is some¬ 
times important to know the clearance volume of an engine, as it materi¬ 
ally affects the expansion curve of the engine. If it is too large, it 
causes an excessive loss in the engine. The clearance volume is also 
necessary if a theoretical expansion curve is to be constructed. 

The engine is first set on dead center with the piston at the head 
end of the cylinder. This is done easily by the ^‘method of trammels 
(see page 334). Then the steam-chest cover and valve are to be 
removed and a rubber gasket under a block of wood is placed over both 
steam-port openings in the valve seat and bolted on. Usually candle 
wicking must be packed around the piston to stop excessive leakage. 
For this purpose the cylinder head must be removed and again replaced. 

A.S.M.E. Method of Clearance Determination. —To carry out this 
method, set the engine exactly on the center, with the piston at the end of 
the cylinder where the clearance is to be determined. From a quantity 
of water previously weighed pour enough into the clearance space by 
means of a funnel through some available opening, such as may be 
obtained by removing a steam valve in a horizontal four-valve cylinder, 
or through the holes for indicator cocks, until the clearance space is com¬ 
pletely filled. By weighing the water remaining, the amount necessary 
to fill the clearance space can be obtained, and by making the proper 
allowance for temperature the clearance volume may be calculated. 

Care should be taken to see whether the clearance space is so arranged 
that no air is retained when it is filled with water. If such pockets can¬ 
not be properly vented, this method will not give accurate results. 
When full, the gradual lowering of the w'ater will show leakage by the 
valves or piston. Allow leakage to go on for a certain time, then from a 
quantity of water previously weighed pour enough into the clearance 
space to fill it up again, note the time it takes to do this, and weigh the 
water remaining after filling up the clearance space. Then the weight of 
water from which clearance space is to be calculated {W\) can be deter¬ 
mined as follows: 


Wi = W - 


wT ^ 

t ti 


where W = weight of water filled into clearance space, first time. 
T = time to fill clearance space. 
i = time allowed for leakage. 
w = weight of water for filling space up again. 
ti = time required to fill clearance space again. 
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This method will give the proper correction to be subtracted if the leakage 
is not very great. If the leakage is too great, and the object of the 
test will allow it, the valves and the piston rings must be put in proper 
condition. 

All water must, of course, be drained from each end before filling. 
Removing the cylinder head for packing the piston is the best method 
for observing with certainty that there is no water in the head end. 
The drip pipes in the cylinder can usually be relied on to remove water 
from the crank end. Determinations should be repeated several times, 
and the average value is to be used in calculations. 

The percentage of clearance is then found by dividing the clearance 
volume thus found in cubic inches by the volume displaced by the piston 
in one stroke, also in cubic inches. 

The area of interior steam surfaces is all of that part of the interior 
of the steam cylinder, the piston head and the parts back to the valves 
that are exposed to the steam at the time that the exhaust valve is 
opened. If desired, the clearance surfaces can be calculated by subtract¬ 
ing from this interior steam surface the area of the circumferential walls 
of the cylinder from the location of the piston at the dead-end center to 
the location of the piston when the exhaust valve first opens. 

Instrument for Measuring Engine Clearance Volumes.^—An instru¬ 
ment for measuring engine clearance volumes has been developed at the 
U. S. Bureau of Standards. This instrument is 
built so that it can be used with any engine hav¬ 
ing a clearance volume up to 48 cubic inches. 

Figure 265 shows the general arrangement of the 
instrument when connected to an engine cylinder 
to be tested. 

The principles upon which the instrument is 
based are as follows: The pressure in the cjdin- 
ders a and b is increased by means of a weight or 
a force acting upon two cylindrical copper bel¬ 
lows A. The volumes A, a, and h will be 
decreased by the same amount by the movement 
of the bellows. Because of the change in volume 
there will be a pressure increase in each cylinder, 
the greater increase of pressure occurring in the 
smaller volume. This difference of pressure will be indicated by the 
difference in liquid level in the U-tube connecting the two cylinders. In 
practice, the clearance volume a is unknown, while the volume b can 
be changed by the movement of the piston c. The volume of cylinder b 
must be calibrated by comparison. By changing this volume (increasing 

' See Tech. Notes 27, National Advisory Committee for Aeronautics, Automotive 
Power Plants Section, U. S. Bur. Standards. 



Fig. 265.—Apparatus for 
measuring cylinder volume. 
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or decreasing), the pressure in the cylinder can be made the same, as 
shown by the liquid in the U-tube remaining level. The volumes a and 
h are then equal. This is only true provided there is no leakage or if the 
rate of leakage for the two cylinders is the same. Owing to an engine 
cylinder never being strictly tight, a means for permitting an equal rate of 
leakage from the comparison cylinder must be provided. This adjust¬ 
ment is made by setting the valve M which is connected to the pipe line 
between the cylinder h and the U-tube, so that the rates of leakage for 
the two cylinders are the same. 

The actual instrument has a vernier and graduated scale on the piston 
stem which permits direct reading of volumes up to 48 cubic inches in 
steps of cubic inch. In case larger volumes are to be measured, an 
auxiliary cylinder can be connected to the pipe line near cylinder 6. 
The auxiliary volumes di and d^. are equal and therefore do not affect 
the operation of the instrument so far as the measurement of the clearance 
volume is concerned. 

Testing Surface Condenser Leakage.' —Whenever a steam-rate test 
of an engine or turbine is to be conducted by weighing or measuring the 
condensed steam (condensate) discharged by a surface condenser, the 
amount of leakage of circulating water into the steam space of the con¬ 
denser shall be determined and, if it exceeds the value specified in the 
Test Codes for Steam Turbines or Reciprocating Steam Engines, shall 
be reduced to such value in order to establish satisfactory test conditions 
for the engine or turbine.^ 

Some of the methods of conducting condenser leakage tests can be 
used with salt circulating water only, and others may be used with either 
fresh or salt circulating water. Some recpiire accurate apparatus and 
an experienced personnel and can be used only when these are available. 
Some of the methods are carried on when the engine or turbine is running 
for the regular steam-rate tests. It is desirable to use such methods 
when possible because the condenser leakage may be greater when the 
engine or turbine is running than when it is not, owing to temperature 
changes and vibration. Some of the methods are to be used when the 

^ The amount of water or steam used in sealing glands, valves, and joints of the 
engine or turbine, hot-well pump, and other auxiliaries is not eondenser leakage. 
Any external water used for such purposes must be accounted for independently of 
condenser leakage, during a steam-rate test or a condenser-leakage test. It is highly 
desirable to use condensed steam (condensate) taken from the line between the hot- 
well pump and the weighing tank for all sealing purposes. If this is not done and if 
water from some external source is mixed with the condensed steam, there is the 
additional complication of keeping track of such water, as well as an error, due to the 
different condition of such water, when the electrolytic or silver nitrate method is used 
for determining the amount of condenser leakage. 

2 Abridged from ‘^Code on Instruments and Apparatus,’' Part XXI, Power Test 
Codes of A.S.M.E., 1928. 
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engine or turbine is not running, immediately before and after the 
steam-rate tests. Low leakage should be shown with such methods 
because of the possibility of increase when the engine or turbine is 
running. 

Qualitative Silver Nitrate Method. —This method is suitable only for circulating 
water containing an appreciable amount of salt, such as sea water or a tidewater mix¬ 
ture of sea and fresh water. It can be used with fresh water, provided it is mixed 
with brine or otherwise chlorinated, as, for example, at the suction of the circulating 
pump. It is the preferred method for such waters when the condenser is thought 
to be very tight. The test is to be made when the engine or turbine is running. The 
method depends upon the chemical reaction of silver nitrate with chlorides which are 
abundant in salt water. Samples of condensate are tested by means of a silver nitrate 
solution in order to determine if a trace of salt is present. If no trace is found, the 
condenser is known to be perfectly tight. If a trace is found, the quantitative silver 
nitrate method, as descri})ed below, must be used. 

Quantitative Silver Nitrate Method. —This method is suitable for use with salt 
circulating water. It is to ho. \ised when it is not certain that the condenser is tight 
enough for the qualitative method and is the preferred method for such a case. It 
shall also be used when the qualitative method has beem used and has shown some 
leakage. It is to be made when the engine or turbine is running. Samples of pure 
condensed steam which lias not passed through the (condenser, of condensate from 
the condenser, and of circulating water are titrated against a silver nitrate solution 
(using potassium chromate as an indicator) in order to determine the concentration of 
chlorides in each. Then by (calculation the amount of circulating water leaking into 
the steam space of the condenser may he d(^teniiined. This method requires some 
readily obtained cheini(;al apparatus and some easily at^cpiired skill. Complete 
instnictions are given on page 349, so that with a little effort the test may be carried 
out accurately. 

Short Direct-weight Method.— This method is used with fn'sh cinnilating water 
only and is used only wlien the engine or turbine is not running. It consists in shut¬ 
ting off all steam supply to the (uigine or turbine running the circulating pumps at the 
same speed as during the steam-rate test, maintaining as m^arly as possible the same 
vacuum in the stcuim space as during the stearn-rate test, and weighing the amount of 
circulating water that leaks into the steam space as it is removed from the hot well 
of the condenser. 

Standard Direct-weight Method. —This method is the same as the short direct- 
weight method, with the addition of some refinements which make for greater precision.^ 
It is the preferred method with fresh circulating wat(‘r. 

Electroljrtic-conductance Method. —This method involves a determination of the 
relative resistance offenul to the flow of electric; curnmt bc^tweon electrodes immersed 
in samples of pure condensed steam from the steam space of the condenser, of con¬ 
densate from the hot well of the condens('r, and of cinmlating water. From these 
data the amount of circulating water leaking into the steam space may be calculated. 
The test is t ;0 be made when the engine or turbine is running. It requires a rather 
elaborate apparatus and an experienced personnel. The greater the amount of solids 
in solution in the circulating water, the easier it is to use this method. 

With fresh circulating water, if the amount of solids in solution is appreciable and 
constant, and if the apparatus and personnel are appropriate, this method is prefer¬ 
able to the short direct-weight method. Extreme care must be exercised if the 
circulating water contains less than 20 grains of dissolved solids per gallon. 

^ The precision details are explained on p. 354. 
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Cold-water Pressure Method of Locating Condenser Leaks.—A common method 
is to open or remove the outer heads of the condenser and to fill the entire steam 
space of the condenser with water. To obtain a pressure sufficient to show the small 
leaks which must be eliminated, there should be a head of approximately 20 feet 
above the center line of the condenser. In order to have such a head, the turbine 
must be filled with water. All shaft seals must be packed with putty or packing of 
some kind, and condenser relief valves, automatic valves, etc., must be fastened down. 
This method, while often used, is very difficult and is not recommended. 

Vacuum Method of Locating Condenser Leaks. —Open or remove the inlet and 
outlet water boxes. ^ Phig one end of all of the condenser tubes with tapered, softwood 
plugs, pushed in by hand. Then start the air pump so as to obtain at least 18 inches 
vacuum. It may be necessary, in order to secure this amount of vacuum, to seal the 
shafts of the air pump with putty, or it is also possible to seal the shafts with steam 
seals. However, the admission of steam will often make it difficult to maintain the 
desired amount of vacuum. When a satisfactory vacuum is obtained, a small gas 
flame or a lighted candle is to be applied to the open end of each of the tubes and to 
the entire tube sheet. Even a small leak will be indicated when the flame is pulled 
into the tube, tube sheet, or packing. The more usual types of leaks arc as follows: 
cracked tube, corroded tube, fine holes in tube, and leaky packing. 

Collection of the samples of condensate, circulating water, and pure condensed 
steam shall be simultaneous or nearly so. This is especially important if the circu¬ 
lating water is tidewater with variable salt content. The samp)les sliall be collected 
in clean flasks or rubber-stoppered bottles. The pipe from which a sample is collected 
shall be thorotighly clearunl by a preliminary flow; the bottle or flask shall then be 
thoroughly rinsed with t.he same water as that with which it is to be filled, and finally 
the sample shall be collected. The conduits from which the samj)ling j)ipes arc led 
sliall be rnain-linc pipes carrying the flow and not d('ad-end pipes carrying motionless 
fluid. Samples shall not be less than 1 liter. Samples of condensate shall be obtained 
from a cock in the condensat('-pump discharge pipe or from the flow into the measuring 
tanks. When the condensate is sampled during the conduct of a steam-rat(' test, if 
the quantity of condiuisate drawn off in rinsing and sampling is appn'cialilc, it shall 
be caught in a bucket and weighed, and the weight added to the weight of condensate 
used in computing the steam rate. Samples of circulating water shall be collected 
from a cock at any convenient point. Of course, a point must be s(*l(^cted where the 
pressure is above that of tlie atmosphere, and not in a siphon or suction line, or else a 
vacuum conne(!tion must be attached to the sampling vessel. Samples of pure con¬ 
densed steam shall always be collected in a way which gives a rejiresentative sample of 
the steam entering the condenser unaffected by condenser-leakage or other contaminat¬ 
ing factors. The sample of condensed steam may be obtained from the main steam 
line just preceding the turbine, or preferably from a turbine stage—one with pressure 
just above that of the atmosphere. Such a sample may be collected by a long drip 
pipe cooled with wet rags or by a black tin or glass coil immersed in an ice bath and 
connected up with rubber tubing. There also may be used an air-cooled condenser 
of about 20 feet or more of pipe, arranged in any convenient form of coil or bank. 
This coil shall be thoroughly blown out with steam before the beginning of the test. 
Often it is desirable to have the coil tinned on the inside. However, tin melts at 
460°F. and cannot be used with high-temperature steam. 

With such an air condenser, a continuous flow of condensed steam shall be main¬ 
tained during the test. The condensed steam should be collected in an annealed glass 
or other flask which will not break due to the high temperature. However, the sample 
of condensed steam always shall be at room temperature when being used. 

* The water boxes of a surface condenser are the outside compartments to which 
the pipes for circulating water are attached. 
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When the condensed steam is collected from the steam main and in cases where 
it is impossible to avoid the objectionable practice where water is injected into the 
steam to maintain a given temperature, or if the steam contains a comparatively large 
percentage of salt, the condensed steam shall be taken from the center of the main in 
such a manner that the drops of water condensing on the side of the main and con¬ 
taining solids, cannot enter the drip pipe. This is for the reason that salt is much 
more readily carried by water than steam. 

Instead of collecting the condensed steam from the steam main or from a turbine 
stage, it may be collected from the interior of the condenser, as is required for the 
electrolytic conduc.tance method. 

Where the condenser has been leaking and has been repaired or where it has not 
been in use for a period exceeding 12 hours, samples shall be considered as preliminary 
until about 2 hours have elapsed from the time the turbine is at test load, because 
the condenser collects solids while idle, and the first samples indicate a leakage greater 
than the actual. Sometimes it may be desirable to run the condenser for short 
jieriods at different loads so thnt various steam currents will wash all parts of the 
condenser. The dropping of the leakage to a reasonably constant or a negligible 
value will indicate when the regular test may be started. 

Regular samples shall be taken at convenient int(‘rvals, at least every 30 minutes, 
during the entire progn^ss of the regiilar steam-rate tests. Deductions from the 
steam flow for condeiisc^r leakage shall be made on the basis of the average of all of the 
value's for a test i)oint shown by the regular samples. 

Details of Qualitative Silver Nitrate Method.—This method may be used with 
salt or brackish circulating water. A silver nitrate solution is prepared by dissolving 
about 1 gram of cluuuically pure silver nitrate, AgNOa, in about 2,000 cubic centi¬ 
meters (2 lit(!rs) of distilh^l water. Exact measurement is not required. 

If the salt cont(uR of the circulating water ever becomes negligible, the silver 
nitrate imdbod cannot be used. If there is any doubt of this, the circulating water 
shall be basted for salt by mixing 1 cubic centimeter of circulating water with about 100 
cubic centimet('rs of condensate and using the nu'thod for testing the co'^idensate 
described in the next two paragraphs. The silver nitrate test may or may not be used, 
according as there are or are not perceptible white clouds. 

A few drops of the silver nitrate solution shall be dropped into each sample of 
condensate. The slightest trac('> of salt wall be shown by a white cloud which will fol¬ 
low each drop of silver nitrate solution as it falls in the sample. If such clouds occur, 
or if the final mixture is whitish, there is leakage, and (nther the steam-rate test shall be 
discontinued and the condemser repaired, or the quantitative method shall be started 
at 011(50 and continued throughout the steam-rate test. A log sheet shall be kept 
even when no leakage is showm. 

This t(5st is very sensitive and, if there arc no white clouds or perceptible traces of 
white in the final mixture, it may be certain tlmre is no leakage. A tight condenser 
will giv(5 such a negative result. SoiiKitinu's there may be a slight trace of blueness due 
to negligible traces of leakage, w’hic.h may be disregarded. Of course, if there is any 
doubt as to wrhether there is evidence of leakage, it must be assumed that there is 
leakage, and the (quantitative test started. 

Details of Quantitative Silver Nitrate Method.—This method may be used with 
salt circulating water or with fresh circulating water mixed with brine or otherwise 
chlorinated. 

Apparatus required for the test comprises a burette graduated to tenths of a cubic 
centimeter and with a total capacity of at least 25 cubic centimeters, with stand (a in 
Fig. 266), filling funnel, etc.; (6) beaker; and (c) Erlenmeyer flask for the sample being 
titrated or else a 150 cubic centimeter white porcelain casserole; (d) 100 cubic centi¬ 
meter cylinder graduated to 1 cubic centimeter; (e) small graduated cylinder with 
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which 10 cubic centimeters can be measured accurately, or (/) 10 cubic centimeter 
pipette; (g) glass-stoppered bottles for silver nitrate solution, and for potassium 
chromate indicator, or (h) indicator bottle (the silver nitrate bottle should be of brown 
or amber glass); (t) three rubber-stoppered bottles or flasks for samples being tested; 
(j) a 1-liter annealed-glass flask to collect the condensed steam; (k) a 1-gallon bottle 
of distilled water; (1) about J liter silver nitrate solution, AgNOa; and (m) about 20 
cubic centimeters of potassium chromate solution, K 2 Cr 04 . Each piece of apparatus 
must be chemically clean, and each must be rinsed with the sample with which it is to 
be filled before each use. 



Fia. 266.—Apparatus for quantitative silver nitrate method. 


Water used for rinsing and diluting in this work shall be pure distilled water. This 
distilled water may })e obtained from an outside source or, if it is properly salt-free, 
from the source of the condensed steam. 

If the silver nitrate used exceeds 5 per cent of the amount necessary for a sample 
of the circulating water as prepared for test, the water tested is not sufficiently salt- 
free to be used for rinsing and diluting in this work and shall be replaced by a better 
supply. 

The volume of standard silver nitrate solution required for 20 tests (one day) is 
about i liter. The volume of potassium chromate solution reejuired for the same tests 
is about 20 cubic centimeters. The solutions used should be as dilute as is consistent 
with a sharp end point in the titration. It may be noted that the strength of solution 
does not affect the accuracy of the results when each set of samples is titrated with 
solutions of the same strength. It will be found most convenient, however, to use 
solutions of a uniform strength throughout. A solution containing 4.8 grams of chem¬ 
ically pure silver nitrate per liter of distilled water will be taken as standard. One 
cubic centimeter of this solution is equivalent to 1 milligram of chlorine, to 1.66 milli¬ 
grams of sodium chloride, and to about 1.85 milligrams of total salts in sea water. As 
an indicator, a 10 per cent solution of chemically pure potassium chromate is satisfac- 
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tory. This will be in the proportion of 60 grams of K 2 Cr 04 to 1,000 grams of distilled 
water. 

At various stages of the test, as explained later, aamphs must be titrated, and in 
each case the following method is to be used and must be conducted by a man who 
has had some practice. The titration method is as follows: (a) Rinse the 100 cubic 
centimeter graduate and Erlenmeyer flask thoroughly with pure distilled water. 
Measure out 100 cubic centimeters (unless otherwise specified) of the sample to be 
tested in the 100 cubic centimeter graduate. The sample must be at room tempera¬ 
ture as heat affects the titration. Pour this 100 cubic centimeter sample into the 
Erlenmeyer flask or casserole. (6) Rinse the burette with distilled water and arrange 
it on the stand as shown in Fig. 266. Fill the burette with silver nitrate solution to the 
zero graduation (the zero is at the top), (c) Place a few drops (exactly the same num¬ 
ber in every titration) of the potassium chromate indicator into the flask containing 100 
cubic centimeters of the sample to be tested. This will give the solution a light- 
orange color. Whirl the solution in the flask a bit to make the color uniform. Note 
the reading of the burette on the log sheet and then place the flask under the burette. 
Allow the silver nitrate solution to drip into the sample to be tested. The spout 
shall be in the center of the mouth so that the silver nitrate will not run down the 
side of the flask. When the drops begin to turn red, the flow of silver nitrate shall be 
stopped and the sample thoroughly shaken. Unless too much silver nitrate has been 
added, the red color in parts of the sample will disappear when the flask is shaken. 
Silver nitrate shall then be added a few drops at a time until a permanent red color 
remains. The base of the stand on which the flask rests should be clear white to 
assist the observation of color, or a white background should be secured in some 
similar way if a porcelain dish has not been used. This permanent red color gives the 
eud. point of the titration and the reading of the burette shall then be noted on the log 
sheet. The difference between the two readings will be the volume of silver nitrate 
required for the sample being tested. 

The reaction between silver nitrate and sodium chloride 

AgNOa -f NaCl = NaNO:, -f AgCl 

yields white compounds which do not affect the color of the sample, which is a light 
orange, due to the potassium chromate indicator. As soon as all of the sodium 
chloride (together with other chlorides which may be present) is consumed, however, 
a very slight excess of silver nitrate reacts with the potassium chromate to form silver 
chromate, a dark-red compound: 

2AgN08 + K.2Cr04 = 2KN()3 -h Ag2Cr04. 

The end point of the titration is clearly indicated by the sharp change of color. 

If there is a possibility that sodium hydroxide or sodium sulphate, or both, have 
been carried over from the boiler, the solution to be titrated must previously be made 
neutral as described below, to avoid white clouds due to silver hydrate or silver 
sulphate. 

Add two drops of phenolphthalein indicator. If the solution colors red, add a 
very dilute solution of sulphuric acid (N/50) until the red color just disappears and 
then three drops in excess. If, upon the addition of the phenolphthalein, the solution 
does not color, add a very dilute solution of sodium carbonate (N/50) until the solution 
becomes slightly red, then add the dilute acid until the color disappears, and then 
three drops in excess. By this procedure the chloride determination will be made 
in a neutral solution and none of the silver nitrate will be used up in forming silver 
hydrate or silver sulphate. 

After the preliminaries already given are arranged, the test is made as follows, with 
each set of samples. The results are recorded as in the sample log sheet (page 352). 
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The solutions from the same silver nitrate bottle shall be used for each set of 
samples: First titrate 100 cubic centimeters of the condensate sample. The 100 cubic 
centimeter sample of condensed steam is titrated next in the same manner as the 
condensate. If this requires the same amount of reagent as the condensate, it is not 
necessary to test the sample of circulating water, as the equality of salt content indi¬ 
cates no addition of salt from the circulating water and hence no condenser leakage. 

If, however, the circulating water is to be tested it shall be diluted before titration. 
This is done by mixing together, in the 100 cubic centimeter graduated cylinder, 10 
cubic centimeters of the circulating water sample, and 90 cubic centimeters of the 
salt-free distilled water. These are mixed by inverting the cylinder several times 
after plugging it with a clean rubber stopper. From the thoroughly mixed dilute 
sample, 10 cubic centimeters are measured and mixed with 90 cubic centimeters of 
distilled water. This 1 per cent solution of circulating water is titrated in exactly 
the same manner as the sample of 100 cubic centimeters of condensate. 

In terms of the following symbols: Ch = volume of silver nitrate required for 100 
cubic centimeters of condensate, Cu, = volume of silver nitrate required for the 100 
cubic centimeters of the 1 per cent .solution of circulating water; = volume of silver 
nitrate required for the 100 cubic centimeter sample of condensed steam. Then the 
percentage of circulating water mixed with the condensed steam, that is, the percent¬ 
age leakage L, is 


or very closely 


^ Ck-C. 

L =- jT- cent 


C. - 


100 


Ch - C. 


per cent. 


For example, if C* = 2 cubic centimeters, C., = 0.4 cubic centimeter, and Cu, = 16 
cubic centimeters. 


L = 


2.0 - 0.4 
16 


1 ^ 

16 


==0.1 per cent leakage. 


Observations and results should be recorded as in the following sample log sheet. 


Sample Log Sheet. 

Condenser Leakage—Quantitative Silver Nitrate Test 



Condensate, cubic centi¬ 
meters 

Condensed steam, cubic 
centimeters 

Circulating water, cubic 
centimeters 


Time: 



Amount 



Amount 



Amount 

Per cent 
leakage 

Dec. 22, 

Burette 

of reagent 

Burette 

of reagent 

Burette 

of reagent 


A.M. 

reading 

consumed 

net 

reading 

consumed 

net 

reading 

consumed 

net 



Before 

After 

Ch 

Before 

After 

C, 

Bef ore 

After 

Cu. 

L 

8:30 

18.3 

19.8 

1.5 

20.0 

20.3 

0.3 

5.1 

22.1 

17.0 

0.07 

9:00 

20.1 

21.4 

1.3 

20.5 

20.7 

0.2 

6.3 

22.8 

16.6 

0.07 

9:30 

18.7 

19.7 

1.0 

20.0 

20.4 

0.4 

6.7 

23.0 

16.3 

0.04 

10:00 

23.4 

24.3 

0.9 

23.0 

23.4 

0.4 

2.3 

19.7 

17.4 

0.03 

10:30 

20.2 

20.9 

0.7 

19.7 

20.1 

0.4 

5.8 

24.3 

18.5 

0.02 

11:00 

2.5 

3.1 

0.6 

24.3 

24.7 

0.4 

3.7 

21.1 

17.4 

0.01 
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The nin made after the steam-rate test, may show 60 per cent greater leakage than 
specified in the Test Code for Steam Turbines (page 381) or Reciprocating Steam 
Engines (page 356). If there is greater leakage than this after the steam-rate tests, 
they shall be discarded, and repeated after the condenser has been repaired. 

The tests shall be made immediately before and after the regular steam-rate test. 
If any appreciable time is allowed to elapse, the condition of the condenser may change. 
If there is a series of steam-rate tests, as, for instance, when tests are made at different 
loads, the condenser-leakage tests may be made before the first and after the last 
one. However, it is also advisable to have intermediate condenser-leakage tests in 
such a case. 

Preparation for Short Direct-weight Test.—All possibility of entrance of steam, 
water, or condensate into the condenser during the condenser-leakage test shall be 
eliminated. 

Usually the turbine or engine, wdth its steam piping, is connected directly to the 
condenser. In such event each steam inlet to the turbine or engine must be dis¬ 
connected or show'll to admit no steam by use of two valves with a drip or bleeder 
between them. During the leakage test there is usually vacuum on the turbine and, 
with leaky valves, steam or w'ater might be sucked in and give apparent condenser 
leakage. This may be avoided by the use of a large bleeder having a diameter about 
10 per cent of the steam-pipe diameter, or by making certain that there is no suction 
on the bleeder by feeling it or noting if a tube connected to the bleeder will suck water 
from a vessel. 

If the turbine has openings for steam extraction or bleeding for heating feed water 
or for operation with low'-pressurc steam, or, in fact, openings of any kind, the above- 
mentioned precautions must be taken or else this method of test shall not be used. 
No steam or W'ater shall be used on the seals of shaft gh'inds, valves, or joints. Open¬ 
ings usually so sealed may be closed w’ith rubber tubing or putty. All other openings 
through which air might enter the condenser must, of course, be carefully scaled. The 
vacuum must b(* as m^arly as possible the same during the (jondenser-leakage test as 
during the steam-rate test. If there is a valve betw'een engine or turbine and the 
condenser, it shall be closed in ord('r to minimize air leakage. 

During the condenser-leakage test there may be vac\iuin on parts not normally 
under vacuum, so that there is more chance for air leakage. Painting the outside of 
the engine or turbine, with shellac or asphaltum wdth vacuum on, is often necessary 
in order to secure good vacuum. 

A dry air pump is und(*rvstood to mean a pump which takes nothing but air and 
saturated steam from the condenser, w'hether or not water is used in the pump itself. 

A wet air pump is understood to mean a pump w hich takes both water and air 
from the condenser. During these tests it must bo impossible for water to enter a 
wet air pump from any source except the condenser itself. 

During this test the circulating and air pumps are operated. The circulating 
pump shall be run at the same rate as during the regular steam-rate tests. An air 
pump, w^et or dry, shall be operated at such a rate as wall give a vacuum as nearly as 
possible the same as during the steam-rate tests. During the test, some circulating 
water may leak into the steam space, all of which shall be collected and weighed' in 
the regular tanks in the same manner as specified for the flow during the steam-rate 
tests. Observations shall be taken every 10 minutes of the condenser vacuum. 
Throughout the test, by any method, the temperature of the condenser shell must 
be lower than the boiling point corresponding to the condenser absolute pressure, in 
order to prevent loss by evaporation. From the time and the weight of the con¬ 
denser leakage, the leakage per hour shall be found. The average of the values of 

' Detailed instructions for the collection of condenser leakage are given in A.S.M.E. 
Power Test Code, Part XXI, Chap. I, p. 11. 
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condenser leakage before and after the steam-rate tests gives the leakage per hour, 
which must be subtracted from the flow per hour measured during the steam-rate test. 

Preparation for Standard Direct-weight Method. —When this method is used, all 
of the directions for the Short Test shall be followed with the following additional 
details. This method may be used only with fresh circulating water. 

When the condenser-leakage test is ready to be started, the air pump shall be run 
for a short time and an observation made of the vacuum which will occur during the 
leakage test. If the vacuum is not within 1 inch of mercury of tlie value expected 
during the regular steam-rate tests, additional efforts shall be made, by better sealing, 
attention to air pump, etc., to secure a better vacuum. After this has been done, if 
the vacuum is not within 2 inches of mercury of the value during the steam-rate 
test (page 356), and if it is not positively known that the pressure of the circulating 
water, during the leakage test is within 2 inches of mercury of the pressure during 
the steam-rate test, gages shall be used to give the circulating-water pressure during 
both the condensc?r-leakage test and thc^ steam-rate tests. Th(\se shall bo two mercury 
columns or gages of any approved kind connected to the water space of the condenser 
near the circulating-water inlet and outlet, respe(;tively. They shall give either the 
direct pressures of the circulating water or the differential pressures between the con¬ 
denser vacuum and the cinnilating water inlet and outlet, respectively. If direct 
gages are used, the differential pressures shall be computed, careful account being 
taken of the pressures above and below atmospheric; pressure. If there is a poor vac¬ 
uum, and if the siphon effect on the circulating water is great, it may happen that the 
absolute pressure in the steam space is greater than the absolute pressure; at the water 
outl(;t, which gives a differential pr(;ssure in the opposite sense from that occurring 
during the steam-rate test, so that the direction of leakage is reversed and the leakage 
test is absurd. 

When the leakage t(;st is to be made by the standard method, whore there is a 
dry air pump, a run is to be made for a preliminary period of 10 to 30 minutes before 
the regular condenser-leakage run, in order to drain the condenser, establish steady 
conditions, fill water pockc'ts, etc. The circulating pump is, of coiirse, to be kept 
running. The procedure is as follows: (a) clotse hot-well drain and vent; (h) start air 
pump; (c) run for 10 to 30 minutes; (d) stop air pump; (c) open drain and vent, and 
let leakage run off. After the first flow there will be a trickle from the drain, which 
may gradually decrease for a long period or may settle down to a small steady flow. 
The rate of flow should be found by collecting it for 5 to 10 minutes in a small vessel. 
If the rate of flow is visibly decreasing, it should be measured successively until it 
becomes constant or becomes less than the allowable limits. 

During the regular leakage run, readings shall be taken every 10 minutes showing 
the condenser vacuum and the differential pressure between the steam space; and the 
water space near inlet and outlet. Corre(;ted value of condenser leakage may be 
calculated in terms of the following symbols: 

Pri and pr 2 = observed values in any convenient units of differential pressures between 
steam space and water spaces at condenser inlet and outlet during 
steam-rate tests. 

pti and p /2 = the same, during condenser-leakage test, using the same units as above. 

L = corrected value of condenser leakage in pounds per hour. 

Lo = observed condenser leakage in pounds per hour obtained by dividing 
the actual leakage in pounds (taking account of tare) by the number of 
hours of the leakage run. 

The leakage is proportional to the square root of the differential pressure, and the 
average leakage may therefore reasonably be assumed to be proportional to the 
average of the square roots of the differential pressures at inlet and outlet. It follows 
that 
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T T .. \/prl + VPfS 

= ivo X -- 

VPa -f VPa 

The values of L from the leakage tests before and after the steam-rate tests must 
be seen to be allowable within the limits. The average of the values of L from leakage 
tests before and after the steam-rate test gives the leakage per hour, which must be 
subtracted from the flow per hour measured during the steam-rate test. 

Electrolytic-conductance Method. —^The usual system of applying the electrolytic- 
conductance method to the measurement of condenser leakage involves a determi¬ 
nation, by a proper electrical instrument, of the conductance, or resistance to flow of 
electric current, between electrodes immersed in samples of condensate, pure condensed 
steam, and circulating water. For this purpose a number of methods arc available, 
any one of which, when properly used, will give satisfactory results. Good commer¬ 
cial instruments of several types are on the market, and one of these may be used, 
such as the Dionic water tester, distributed by James G. Biddle, the Leeds and North¬ 
rop conductivity bridge, or the Esterline-Angus concentration meter. The detailed 
instructions of th(‘ manufacturer are, of course, to be followed, as well as the 
general instructions herein. An apparatus may also be espe(;ially prepared, accord¬ 
ing to instructions given by Caldwell in Power, Aug. 9, 1921.^ 

A.S.M.E. TEST CODE (1926) FOR RECIPROCATING STEAM ENGINES 

(ABRIDGED) 

The Code for steam-engine tests applies to tests for determining the 
performance of the engine alone (including reheaters and jackets, if 
any), apart from that of the independently driven auxiliaries which 
are necessary for its operation, and apart from that of feed-water heaters 
or other apparatus for reclaiming heat. For tests of an engine and 
independently driven auxiliaries combined with means for reclaiming 
heat (for example, a multiple-expansion engine from the receiver of 
which steam is withdrawn for heating feed water or other purposes), the 
necessary changes in test procedure arc readily made, or the test outline 
given in the Test Code for Complete Steam Power Plants^ should be 
followed. 

Measurements. —The iiH^asurcmcnts will consist of some or all of the following 
quantities: (a) cylinder dianuders and stroke; {b) volumetric clearance in percentage 
of the piston displacement; (r) diameters of jjiston rods and tail rods; {d) indicated 
horsepower; (c) brake horsepower or shaft horsepower output; (/) kilowatt output if 
engine is connected to a gt'nerator; {g) speed in revolutions per minute; {h) pressure 
in the steam pipe before the throttle; {i) barometric pressure; (j) percentage of mois¬ 
ture or number of degrees of superheat in the steam just before the throttle; {k) 
back pressure in the exhaust pipe near the engine cjdinder; (/) pressures in receivers; 
(m) temperature of the exhaust steam leaving all cylinders; (n) temperature of the 
drips if any, from jackets, reheaters, and receivers; (n) temperature of steam leaving 
receivers, cylinder jackets, reheaters, and similar parts; (p) weight of return drips from 
jackets, reheaters, and receivers; ( 5 ) weight of the condensed steam in pounds or the 

^ Detailed methods of procedure and calculations will be found in Mech. Eng., 
Vol. 47, No. 11 , p. 925. 

* See p. 402. This test code for complete steam power plants has not been officially 
adopted by the Power Test Committee of the A.S.M.E. 



356 


POWER PLANT TESTING 


weight of the water fed to boilers, less drips and leakage if the test is based on feed- 
water measurement; (r) temperature of the condensed steam; («) engine-room temper¬ 
ature and outside-air temperature; (0 variation in steam pressure in the steam chest. 

Instruments and apparatus required for a performance test of a 
reciprocating steam engine are: 

(a) Tanks and platform scales for weighing water (or water meters calibrated in 
place); (6) graduated scales attached to the water glasses of the boilers if the feed 
water is measured; (c) pressure gages, vacnium gages, or mercury columns and ther¬ 
mometers provided with suitable iiu’rcury wells; (d) steam calorimeters; (e) baromciter; 
(/) steam-engine indicators; {g) planirneter; (h) tachometer, revolution co\mter, or 
other speed-measuring apparatus; (i) friction brake or dynamometer, if available; 
(j) appropriate electrical instruments if engine is connected to an electric gemerator. 

Dimensions. —The dimensions of engine cylinders should be taken 
when they are cold. If extreme accuracy is desired as in scientific 
investigations, corrections should be applied to the cold dimensions to 
conform to the mean working temperature. If the cylinders are much 
worn, the average diameter should be found. The clearance of the 
cylinders may be determined approximately from working drawings of 
the engine. For accurate work, when practicable, the clearance should 
be determined by the water-measurement method (page 344). 

Steam Rate. —The steam rate or steam consumption of an engine 
equipped with a surface condenser should be determined by weighing 
the condensate from the condenser, assurance being obtained that all the 
steam entering the cylinders passes into the condenser. When water is 
weighed, scales shall be fitted with tanks arranged so that a continuous 
flow can be cared for, and the scales shall not show an error greater than 
2 in 1,000. 

When water is measured, the volumetric tanks used maybe of the types 
described on page 220. They shall be accurately calibrated by actual 
weighing, and a correction shall be determined and applied for water 
temperature. 

Precautions in Condenser-leakage Tests. —In any test in which the 
total steam is determined by weighing or measuring the condensate from 
a surface condenser, the condenser shall be tested for leakage of cooling 
water into the condensed steam. If this leakage exceeds the limits given 
below, the condenser is not in condition suitable for a reliable test, and 
it shall be made satisfactorily tight before the test. These limits depend 
on the rated capacity of the engine and arc expressed as a percentage of 
the rated, or guaranteed, steam flow at rated load. 


Per Cent 


Less than 700 horsepower, or 500 kilowatts. 1.00 

700 to 1,400 horsepower, or 500 to 1,000 kilowatts. 0,75 

Over 1,400 horsepower, or 1,000 kilowatts. 0.50 
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If a condenser leakage is determined by silver nitrate titration (for salt 
water, page 347) or by the electrolytic-conductance method (page 355), 
observations shall be made every half hour during the engine steam-rate 
test, in addition to the observations made during the preliminary leakage 
test. If the observations made during the steam-rate test indicate an 
increase of condenser leakage above the allowable limit, the steam-rate test 
shall be discontinued, and the condenser shall be made satisfactorily tight 
before resuming the engine test. 

The water level in the condenser hot-well or inlet pipe to the condensate 
pump shall be checked at the beginning and end of a run, and at inter¬ 
mediate points which mark the division of the run into periods, for each of 
which the steam rate is to be determined; and correction shall be made for 
any outstanding change in the quantity of water stored therein. It is 
highly desirable that means be employed for holding the condensate level 
constant throughout the test, as, for example, by throttling the discharge 
of the condensate pump. One satisfactory way of obtaining the desired 
result is to note that a gage glass on the inlet pipe to the condensate pump 
shows a constant level. If the volume of the pipe between the gage glass 
and the condensate pump is small, it will be sufficient to see that the gage 
glass is always empty. The resulting error can easily be computed and 
will usually be negligible. It shall be determined that there are no other 
points at which water can accumulate. If such places cannot be avoided, 
proper correction shall be made for each of them just as for the hot well. 
All lines leading from and to the condenser, other than the air and con¬ 
densate pump suctions and turbine drips, shall be blanked off or fitted 
with two valves with a bleeder between them or, if this is impossible, 
means shall be provided for determining the quantity of water passing 
through each such line. If a surface condenser is not available, the 
steam rate should be determined by feed-water tests, which require 
the measurement of the various supplies of water fed to the boiler, of the 
water wasted by separators and drips on the main steam line, of the 
steam used for other purposes than the main engine cylinders, and of 
water and steam which escape by leakage from the boiler and piping. 
All of these last quantities must be determined and be deducted from the 
total measured feed water supplied to the boiler. The heat consumption 
is determined from the steam rate. The uncertainties of making tiiese 
measurements are such that steam rates determined by this method can 
be considered as only approximate. 

With suitable precautions, the weighing or measuring of boiler feed 
water should give results accurate to within plus or minus 3 per cent. To 
secure even this degree of accuracy, it is necessary to reduce the effect of 
the inevitable uncertainties of this method by the exercise of the greatest 
care and by the prolongation of each constant-load run to not less than 
5 hours’ duration and 10 hours if possible. 
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In making an engine test where the steam consumption is determined 
from the amount of water discharged from a surface condenser, leakage 
of the piston rods and valve rods, etc., should be guarded against; for 
if this is excessive, the test is of little use, as the leakage consists partly 
of steam that has already done work in the cylinder and partly of water 
condensed from the steam in contact with the cylinder. 

The flow of steam to a reciprocating engine is of a pulsating character. 
The steam meters so far developed will not serve, therefore, to measure 
the quantity of steam. If the flow does not fluctuate, however, it is 
possible by use of the carbon dioxide method described in the October, 
1916, issue of Mechanical Engineering to measure a pulsating flow within 1 
or 2 per cent. 

The steam consumed by independently driven auxiliaries which 
are required for the operation of the engines should not be included 
in the total steam from which the steam consumption is calculated. 
These should be supplied from a separate boiler, if possible, if the steam 
consumption is determined by the measurement of feed water. 

Starting and Stopping. —The engine and appurtenances should first 
be thoroughly heated and run under the prescribed conditions until 
uniformity is secured. If the period to be covered by the test includes 
the time employed in warming up a cold engine, as in the practice of 
many industrial plants, the preliminary heating should bo omitted. 

When a surface condenser is used, the test should start by commencing 
to weigh or measure the condensate and any other quantities of steam 
consumption involved and at the same time beginning the regular observa¬ 
tions and other necessary test work. At the end of the allotted time 
the test is stopped by discontinuing the measurements and observations. 
When feed-water measurements are employed, the test should be st arted 
by carefully observing the steam pressure and water level in the steam 
drums of the boiler and the level in the feed tank, if measuring tanks are 
used, and at the same time beginning the water measurements and taking 
up the regular work of the test. At the end of the prescribed time the 
water levels and steam pressure should be brought as near as practicable 
to the same points as at the start, and the observations discontinued. If 
there are differences in the water levels or pressure, proper corrections 
must be applied to the water measurements. 

To guard against the loss of all the data obtained, should an accident 
compel the stopping of the test before the time planned, it will be found 
advisable at certain periods throughout the test to observe simulta¬ 
neously the steam pressure, the water level in the boiler, the level in the 
feed tank, and other conditions which must at the end of the test agree 
with the starting conditions. 

When feed-water measurements are employed, care should be taken, 
where the activity of combustion affects the height of water, that the 
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same conditions of fire and draft are secured at the end as at the begin¬ 
ning of the test. Care should also be observed to note the average 
height of water in the glass when the water line fluctuates. 

When surface-condenser measurement is employed and the load is 
substantially constant, the test should be continued for such time as 
may be necessary to obtain a number (not less than four) of successive 
15-minute records during which the results are reasonably uniform. 

Records. —Instruments should be read and indicator cards taken 
from each end of each cylinder at least quarter hourly when the con¬ 
ditions are uniform and oftener when there is much variation. By 
permitting the pencil to trace over the diagram several times, a pencil 
band will result, thus giving a better average than a single line for power 
measurement. If there are wide fluctuations in readings, they should 
be shown by recording instruments. Each indicator card should be 
marked with the number, date, time, scale of spring and end of cylinder, 
and on one card of each set the readings of the steam gages should be 
recorded. The log should contain the record of the readings of steam 
and vacuum gages, thermometers, calorimeters, speed indicator, load¬ 
measuring devices, and all other instruments, and these readings should 
be obtained at practically the same time the indicator diagrams are 
made. The areas, lengths, mean effective pressures, and cut-offs shown 
by the indicator diagrams should also be entered in the log. If complete 
test data are desired, representative steam-pipe diagrams should be 
taken with an indicator applied near the throttle-valve gage and operated 
by connection to the reducing motion of the cylinder indicators. 

A set of specimen indicator cards should be carefully selected from 
the whole number taken, and these should be embodied in the record. 
The specimen cards selected should be such as to show the average con¬ 
ditions of pressure and cut-off. If steam-pipe diagrams are obtained, 
specimens of these should also be placed in the record. 

Throttle Pressure. —The throttle pressure, or the average pressure 
in the steam pipe just before the throttle, is that shown by a corrected 
steam gage attached to the steam pipe one and one-half to two diameters 
from the throttle. Fluctuations in this pressure may be reduced by a 
moderate choking of the gage cock. When greater precision is desired 
or when the fluctuations in pressure are large, the average pressure may 
be found by working up the steam-pipe indicator diagrams taken at or 
near the same point and finding the mean pressure for the entire stroke, 
during the periods of admission. 

Steam Consumption. —Whether the steam supply is wet, dry, or 
superheated, the actual steam consumption is stated in the report of 
the test. When the engine is supplied with wet steam, the quantity of 
dry and saturated steam comprised in the wet steam is found by deducting 
from the total weight of steam as measured the moisture as shown by a 
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calorimeter near the throttle. If the calorimeter indicates moisture in 
excess of 2 per cent, the steam-rate test cannot be regarded as reliable. 
Superheated steam requires no correction. 

The steam consumption corrected to correspond to any desired or 
specified set of conditions as to moisture, superheat, pressure, and vacuum 
which differ from the conditions of the test should be determined as 
explained in the Test Code for Steam Turbines (page 380). 

In view of the fact that '‘dry steam'’ is practically unobtainable 
commercially, and that the presence of moisture is detrimental to the 
economy of the engine to a greater degree than the amount present in the 
steam would indicate, appropriate corrections, referred to above, for 
correcting the actual steam rate for quality are to be used in arriving at a 
value of "corrected steam" (page 362). 

Heat Rate B.t.u. Consumption.—The heat rate of an engine is found 
by multiplying the steam rate in pounds of steam per horsepower-hour, 
by the difference between the heat content of 1 pound of steam, in 
B.t.u., at the average pressure and of the average quality found in the 
steam pipe near the throttle, and the heat content of 1 pound of water, in 
B.t.u., at the temperature of saturated steam at the average pressure 
existing in the exhaust pipe near the cylinder. 

Thermal Efficiency.—The proportion of the total heat consumption 
which is converted into WT)rk is called the "thermal efficiency" and is 
found by dividing 2,545 (B.t.u. equivalent to 1 horsepower-hour') by the 
heat rate measured in B.t.u. per horsepow-er-hour. The quotient is 
multiplied by 100 to express the therma) efficiency in percentage. 

The formula is : 

Thermal efficiency = 

w{hal — ho2) 

where w = pounds of steam as supplied per indicated horsepow er-hour. 
ha I = total heat per pound of steam at the initial conditions pre¬ 
vailing before throttle valve, in B.t.u. per pound from 
steam tables. 

hf 2 = heat per pound of water at the temperature of saturated 
steam at exhaust pressure, in B.t.u. per pound from steam* 
tables. 

Engine Efficiency.—The engine efficiency is the ratio obtained by 
dividing the heat equivalent of the actual work done by the heat available 
for an ideal engine. The accepted standard for the ideal steam engine is 
the Rankine cycle (page 368). The engine eflBciency is obtained by the 
following equation: 

2 545 

Engine efficiency (referred to indicated horsepower) = i 

^ See p. 74. 
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where w = pounds of steam as supplied per indicated horsepower-hour. 
hgi = total heat per pound of steam at the initial conditions pre¬ 
vailing before the throttle valve. 

hgs = total heat per pound of steam after adiabatic expansion 
from initial conditions to the final pressure. 
h,j] and hgs can be found from any steam tables or total heat-entropy 
or Mollier diagram.^ hgi — hg-s is the heat available for work per pound 
of steam. 

Nominal Cut-off. —The nominal cut-off can be found in the following 
manner from an indicator card: Through the point of maximum pressure 



Fig. 267. -Indicator diagram illustrating the point of cut-off. 

during admission a line is drawn parallel to the atmosphere line. Then 
through a point near the top of the expansion line that curve is extended 
upward to meet the maximum pressure line. The intersection of these 
two lines is the point of nominal cut-off, and the proportion of cut-off is 
found by dividing the length measured on the diagram up to this point 
by the total length, as shown in Fig. 267. 

The calculation of the steam accounted for by the indicator card 
has been omitted from the test codes for the following reasons: (a) It 
is not essential to a performance test of an engine, and (6) as this method 
does not even approximate the actiial steam consumption of an engine, 
it is liable to be misleading unless thoroughly understood. Methods of 
calculating this are given on page 368. 

Table XVIII.— Data and Results of Reciprocatino Steam-engine Test 


Short Tests 

1. Date. 

2. Dimensions of cylinders.in. 

(a) Diameter of piston and tail rods.in. 

3. Duration.hr. 

4. Pressure in steam pipe near throttle by gage.lb. per sq. in. 

5. Pressure in receivers by gage.lb. per sq. in. 

6. Vacuum in condenser.in. mercury at 32°F. 

7. Percentage of moisture in steam near throttle or number of 

degrees of superheat.per cent or . .. . °F. 


^ See Moyer, Calderwood, and Potter, ** Elements of Engineering Thermody¬ 
namics,*^ 5th ed., pp. 102 and 188, 1933. 
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8. Total steam consumed per hour.lb. 

9. Total dry and saturated steam or superheated steam consumed per hour.lb. 

10. Steam consumed conforming to conditions agreed upon per hour.lb. 

11. Average mean effective pressure in each cylinder.lb. per sq. in. 

12. Revolutions per minute.r.p.in. 

13. Indicated horsepower developed.i.hp. 

14. Brake horsepower developed..b.hp. 

15. Actual steam rate per indicated horsepower-hour (or })rake horsepower-hour) .lb. 

16. Dry steam or superheated steam rate per indicated horsepower-hour (or 

brake horsepower-hour).lb. 

17. Corrected steam rate per indicated horsepower-hour (or brake horsepower- 

hour) conforming to conditions agreed upon.lb. 

18. Engine efficiency (referred to Rankine cycle) based on indicated horse¬ 

power or brake horsepower.per cent 


Second Third 


Table XIX.—Data and Results of Recipiiocating-steam-enqine Test 
A,S,M.E. Complete Code (1926) 

General Information 

(1) Date of test; (2) location; (3) owner; (4) builder; (5) test conducted by; (6) 
object of test. 

Description, Dimensions, Etc. 

7. Type of engine (simple or multiple expansion). . 

8. Class of service (mill, marine, electric, etc.). 

9. Rated power of engine. 

9a. Auxiliaries (steam or electric drive). 

10. Cylinders 

(a) Diameter.in.in.in. 

(5) Cylinder ratio (based on net piston displacement) 1 to. 

First 

11. Pistons 

(a) Diameter.in 

(b) Diameter of tail rods.in 

(c) Stroke.in 

12. Clearance volume in per cent of piston displacement: 

First Second Third 

(a) Clearance head end.per cent..per cent. .per cent 

(6) Clearance crank end.per cent. .per cent. .per cent 

(c) Clearance average.per cent, .per (amt. .per c(mt 

13a. Head end horsepower (mnstant (stroke X net piston area -r- 33,000). 

13b. Crank end horsepower constant (stroke X net piston area 33,000). 

14. Area of interior steam surface (p. 345).sq. ft. 

15. Area of jacketed surfaces.sq. ft. 

16. Auxiliaries: 

(a) Valves, type. 

(b) Governor, type. 

(c) Condensing equipment: 

Type. 

Make. 

Rated capacity. 


in... . 

... in... , 

. . . .in 

in.... 

. ... in ..., 

, ... in 

in..., 

. .. . in.. . 

, . . .in 
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(d) Pumps (direct or independently driven): 

Oil pump, type... 

Jacket pump, type. 

Reheater pump, type.Size. 

17. Driven unit. 

(a) Type. 

(b) Size. 

(c) Rating. 

(d) Capacity of generator or other apparatus coiisuniing power of 


engine.hp. or kw. 

18. Run number. 

19. Duration of test.hr. 

20. Average load.hp. or kw. 

21. Initial steam pnissure.lb. per sq. in. abs. 

22. Initial steam temperature. °F. 

23. Temperature of saturated steam corresponding to pressure in exhaust pipe 

near engine.°F. 

24. Exhaust pressure.lb. p(‘r sq. in. or in. mercury at 32®F. abs. 

25. Actual steam rate.lb. 

26. Steam rate per b,hp.-hr. correett^d to conditions agrecid upon (Item 52 4- 

Item 68).lb. 

27. Guarant(*ed steam rate.lb. p(^r hp.-hr. or lb. per kw.-hr. 

28. Heat rate, actual.B.t.u. p('r hp.-hr. or B.t.u. per kw.-hr. 

29. Thermal efficiency, referred tp b.hp.per cent 

30. Engine efficiency (refern'd to linnkinc cycle) based on b.hp. (2,545 4- 

Item 82) X 100.per cent 

Average Pressur(‘s 

31. Harom(‘tric pressure.in. of mercury at 32°F.lb. per sq. in. abs. 

32. Presstire in steam pipe near throttle by gage.lb. per sq. in. 

(a) Corn^sponding absolute i)r(‘ssure.lb. per sq. in. 

(b) Minimum j)ressure above atmosphere, steam-j)ipe diagram near 

throttle, by gage.lb. per sq. in. 

33. Pressure in first receiver, by gage.lb. per sq. in. 

Corresponding absolute pressure.lb. per sq. in. 

34. Pressun* in second receiver, by gage.lb. per sq. in. 

Corresponding absolute pressure.lb. per sq. in. 

35. Vacuum in exhaust pipe n(;ar engine by mercury manometer. in. of mercury at 32°F. 

Corresponding absolute pressure.lb. per sq. in. 

36. Pressure in jackets and rehcaters, by gage.lb. per sq. in. 

Temperatures 

37. Engine-room temperature.°F. 

38. Temperature of steam near throttle*.®F. 

39. Temperature of saturated steam at throt tle pressure.®F. 

40. Temperature of steam if superheated: 

(o) Entering first receiver.®F. 

(b) Leaving first receiver.°F. 

41. Temperature of steam if superheated: 

(а) Entering second receiver.°F. 

(б) Leaving second receiver.®F. 

42. Temperature of saturated steam corresponding to pressure in exhaust pipe 

near engine.®F. 
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43. Temperature of steam in exhaust pipe, as observed.°F. 

Quality of Steam at Throttle 

44. Number of degrees of superheat or,. °F. 

45. Percentage of moisture in steam.per cent 

Total Steam Quantities 

46. Total steam consumed during run by engine, as measured.lb. 

47. Total dry and saturated steam or superheated steam consumed.lb. 

48. Correction factor conforming to conditions agreed upon (p. 360).lb. 

49. Total steam consumed, corrected to conform to conditions agreed upon 

(Item 46 X Item 48).lb. 

Hourly Quantities 

60. Total steam consumed per hr. as measured (Item 46 -r- Item 19).lb. 

51. Dry and saturated steam or superheated steam consumed per hour (Item 

47 -r- Item 19).lb. 

52. Total steam consumed per hr. corrected U) conditions agreed u])ori (Item 49 -i- 

Item 19).lb. 

Heat Consumption 

53. Heat content per pound of steam at throttle.B.t.u. 

64. Heat content of liquid at temperature of steam at exhaust pressure.B.t.u. 

55. Heat supplied per pound of steam.H.t.u. 

66. Heat consumed per hour (see Calculation of Heat Rate (p. 360).H.t.u. 

57. Net work per pound of steam, from adiabatic expansion in ich'al engine 

operating between the same initial conditions and final pressure ac(‘.ording 
to Rankine cycle (see p. 360).H.t.u. 

Indicator Diagrams 

First Second Third 

Cyl. Cyl. Cyl. 

58. Nominal cut-off, per cent. 

59. Mean effective pressure (average), lb. per sq. in. 

60. Maximum pressure above atmosphere, lb. per sep in. 

61. Absolute back pressure at lowest point, lb. per sq. in. 


Speed 

62. Revolutions per minute.r.p.m. 

(a) Variation of speed between no load and full load.per cent 

(b) Momentary fluctuation of speed on suddenly changing from full loail 

to half load.per cent 

63. Piston speed.ft. per min. 


Power—indicated horsepower 

64. First cylinder, crank end.i.hp. 

head end.i.hp. 

65. Second cylinder, crank end.i.hp. 

head end.i.hp. 

66. Third cylinder, crank end.i.hp. 

head end.i.hp. 

67. Indicated horsepower developed by entire engine.i.hp. 

68. Brake horsepower developed by entire engine.b.hp. 

69. Friction of engine (Item 67 —Item 68).hp. 
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70. Percentage of friction (Item 69 -r- Item 67) X 100.per cent 

71. Indicated horsepower with no load at normal speed.i.hp. 

72. Mechanical elFiciency (Item 68 Item 67) X 100.per cent 


Economy Results 

73. Steam rate per indicated horsepower-hour as measured (Item 60 -i- Item 67). .lb. 

74. Dry and saturated or superheated steam consumed per indicated horsepower- 

hour (Item 51 -i- Item 67).lb. 

75. Steam rate per indicated horsepower-hour corrected to conform to conditions 

agreed upon (Item 52 ^ Item 67).lb. 

76. Steam rate per brake horsepower-hour as measured (Item 50 -t- Item 68).lb, 

77. Dry and saturated steam or superheated steam consumed per brake horse¬ 

power-hour (Item 51 -r- Item 68).lb. 

78. Steam rate per brake horsepower-hour corrected to conform to conditions 

agreed upon (Item 52 Item 68).lb. 

79. Heat rate per indiciated horsepower-hour (Item 56 Item 67).B.t.u. 

80. Heat available according to Rankine cycle j)er indicated horsepower-hour 

(Item 57 X Item 73).B.t.u. 

81. Heat rate per brake horsepower-hour (Item 56 4- Item 68).B.t.u. 

82. Heat available acutording to Rankine cycle per brake horsepower-hour 

(Item 57 X Item 77).B.t.u. 

Efficiency Results 

83. Th(;rmal efficiency referred to indicated horsepower (2,545 Item 79) 

X 100.per cent 

84. Thermal efficiency referred to brake horsepower (2,545 Item 81) X 100 per cent 

85. Engines efficiency (referred to Rankine cycle) based on indicated horse¬ 

power (2,545 -T- Item 80) X 100. See p. 360.per cent 

86. Engine efficiency (referred to Rankine cycle) based on brake horsepower 

(2,545 -r- Item 82) X 100.per cent 

Specimen Diagrams 

87. Sample diagram from each cylinder. 

88. Sample steam-pipe diagram. 

Note 1. — When the engirie drives an electric generator^ the following additional 

data and results applicable especially t/O alternating-current generators should be 
entered in the table. 


Electrical Data 

89. Average volts, each phase.volts 

90. Average amperes, each phase.amp. 

91. Power factor.per cent 

92. Total output in kilowatts.kw. 

93. Net output in kilowatts (see Calculation of Electrical Horsepower, p. 378).. .kw. 

(a) Field volts.volts 

(5) Field amperes.amp. 

Power and Economy 

94. Electrical horsepower developed (Item 93 -r 0.7457).hp. 

95. Steam rate per net kilowatt-hour (Item 50 Item 93).lb. 

96. Dry and saturated steam or superheated steam consumed per net kilowatt- 

hour (Item 51 Item 93).lb. 
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97. Corrected steam rate per net kilowatt-hour conforming to conditions agreed 


upon (Item 52 4- Item 93)..lb. 

98. Heat rate per net kilowatt-hour (Item 56 -i- Item 93).B.t.u. 


Note 2.—Wlien testing a marine engine having a shaft dynamometer (p. 178), 
the form should include the data obtained from this instrument, in Which case the 
brake horsepower becomes the shaft horsepower. 

Hirn’s Analysis. —For certain scientific investigations it is useful to 
make a heat analysis of the indicator diagram, to show the interchange 
of heat from steam to cylinder walls, etc., which is going on within the 
cylinder. This is unnecessary for commercial tests. Years ago deduc¬ 
tions from such an analysis were considered to be of considerable impor¬ 
tance to designers, but lately such data are considered of very doubtful 
importance.^ 

Figure 268 shows diagrammatically the heat distribution and the 
various losses as percentages in a typical small steam plant. 

Ratio of Economy of an Engine to That of an Ideal Engine. —The cycle 
of the ideal engine recommended for obtaining this ratio is that which was 
adopted many years ago by the Committee appointed by the Civil 



Fig. 209 . —Indicator diagram for the Rankiiie cycle. 

Engineers of I^ondon, to consider and report a standard thermal effi¬ 
ciency for steam engines. This engine is one which follows the Rankine 
cycle where steam at a constant pressure is admitted into a cylinder 
having no clearance, and after the point of cut-off is expanded adi- 
abatically to the back pressure. In obtaining the economy of this 
engine the feed water is assumed to be returned to the boiler at the 
exhaust temperature (Fig. 269). 

The ratio of the econciiny of an engine to that of the ideal engine is 
obtained by dividing the heat consumption per indicated horsepower per 
hour for the ideal engine (called the “theoretical water rate,^’ see page 
377) by that of the actual engine. 

1 For more information about Hirn's analysis and other heat-analysis methods, 
see Moyer, Calderwood, and Potter, “Elements of Engineering Thermodynamics, 
3d ed., p. 144, 1925, 
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Engine Performance Compared with the Rankine Cycle. —In order 
to know how much the efficiency of an engine can be improved, it is most 
desirable to compare the actual thermal efficiency with the highest pos¬ 
sible efficiency. For steam engines the standard cycle for comparison 
is now generally taken as the Rankine cycle, ^ in which the operation of 
the engine is assumed to be perfect, that is, without clearance in the 
cylinder, initial condensation, leakage, or radiation. The indicator dia¬ 
gram for the Rankine cycle is represented by Fig. 269. The steam is 
assumed to be supplied to the engine cylinder at constant pressure until 
the point of cut-off, after wdiich it is expanded adiabatically down to the 
back pressure at which the engine is operated on the return stroke when 
the exhaust steam is sw'ept out of the cylinder and returned as feed water 
to the boiler at the temperature of the exhaust. The same Rankine 
cycle represented in Fig. 269 w hen showm by a so-called entropy-tempera¬ 
ture diagram can be made simpler for both analysis and calculations. 
This other kind of diagram, the details of which are somewhat more 
difficult to understand, is universally used by steam-turbine engineers and 
has for the problem in hand particular advantages. In this diagram, any 
surface represents accurately to given scales a quantity of heat. Absolute 
temperatures T are the ordinates, and entropies^ <t> are the abscissas. 

Specific Heat of Superheated Steam. —In modern practice super¬ 
heated steam often enters our calculations. The specific heat of steam 
varies with the temperature and pressure as shown in Fig. 270 giving 
values of the mean specific heat at constant pressure (Cp),^ 

Approximate Steam Consumption Calculated from an Indicator 
Diagram. —It is often very convenient to be able to calculate the approxi¬ 
mate steam consumption of a steam engine from the data obtainable from 
an indicator card, the size of the piston, the stroke, and the speed. In 
using a double-acting engine, the follow'ing symbols'^ may be used: 

p = mean effective pressure, in pounds per square inch from 
indicator diagram. 

^ Years ago it was not nniisiial to make this comparison with the efficiency of the 
Carnot cycle as a f^asis. This efficiency of a heat engine, it will he remembered, is 
expressed f)y the ratio of Ti — Tz to Ti, where Ti is the absolute initial temperature 
and T 2 is the absolute final temperature. 

* Entropy, which Perry calls the “ghostly quantity," has no real physical! signifi¬ 
cance, so that complete definition is not possible. If dQ is a small amount of heat 
added to a body and T is the absolute temperature at which the heat is added, then the 
change in entropy of that body is dQIT, or = dQjT, Entropy of saturated steam 
above the entropy of water at the freezing point is easily calculated. For saturated 
steam at any pressure, then <t> = xh/glT + ,s/, where x is the quality of the steam, h/g 
is the heat of evaporation, T is the absolute temperature, and s/ is the entropy of the 
liquid (water). 

3 These data vary in some values slightly from those used in calculating Keenan^s 
steam tables (A.S.M.E. standard), given in the Appendix (Tables I, II, and III). 

* Compare with Power, September, 1893, 
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I = length of the stroke of the engine, in feet. 
a = area of the piston, in square inches. 
b = percentage of clearance to the length of the stroke. 
c = percentage of stroke at any point in the expansion line.^ 
n = number of revolutions per minute; and 120n = number of 
strokes per hour. 

to = weight of a cubic foot of steam having a pressure as shown by 
the indicator diagram corresponding to that at the point in the 
expansion line selected for c, in pounds. 
w' = weight of a cubic foot of steam corresponding to the pressure 
at the end of compression, in pounds. 



Tomporaturc‘° F 

Fig. 270.—Mean values of specific heat {Cp) of suporheated steam. 


Then the number of cubic feet per stroke 
and piston displacement volumes (at c). 


la{b + c) 

liiOO'O) 


in the clearance 


Weight of steam per stroke, in pounds 
Volume of the clearance, in cubic feet 


law(b + c) 
144(100) ' 
la(b) 

144(100)' 


(80) 


1 In other words, this is the percentage of the entire stroke which has been swept 
through by the piston corresponding to the point in the expansion curve selected for 
measurements. It is preferable, however, to take this point not very far from the 
point of cut-off, since the assumption must be made that the product of pressure times 
volume in the expansion curve is constant, which is, of course, not accurate, and the 
error becomes greater as the expansion increases. 
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Weight of steam in clearance, in pounds remaining in the cylinder 

law'{h) 

144(100y 


Approximate net weight of steam used per stroke 


law{b + c) law'{h) 
144(100) ^ 144(100) 


la 

14,400 


[(b + c)w — bw']. 


(81) 


Approximate weight of steam from diagram per hour 


120 nla 
14,400 


[(b + c)w — bw']. 


(82) 


Indicated horsepower for a double-acting engine 

_ 2 plan 
~ 33,000’ 


(83) 


Steam consumption per indicated horsepower^ is Eq. (82) divided by 
Eq. (83) or 


137 ^ 

P 


[(6 + c)w — biv'\. 


(84) 


The difference between the theoretical steam consumption calculated 
by the formula and the actual consumption as determined by tests 
represents steam ‘^not accounted for by the indicator,due to cylinder 
condensation, leakage through ports, radiation, etc. If the steam 
supplied to the engine is very wet, corrections for this moisture should be 
made in the value of w. 

In the 1926 A.S.M.E. Power Test Codes for Reciprocating Steam 
Engines (see page 361) it is stated that the method of calculating steam 
accounted for by the indicator card “does not even approximate the 
actual steam consumption of the engine'' and is therefore likely to bo 
misleading. For this reason no larger amount of space is gi\'en here. 

Willans Law. —One of the most serviceable checks that can be applied 
to engine tests is plotting the Willans line of total steam consumption 
per hour. Curve sheets illustrating this as plotted from actual tests by 
Barraclough and Marks^ are shown in Fig. 271. It will be observed that 
the points representing the weight of steam used per hour when plotted 
for the horsepower corresponding are on a straight line. In other words, 
Willans law is usually stated thus: “With a fixed cut-oflf and a throttling 


^ A method of determining steam consumption by means of logarithmic curves of 
indicator diagrams by J. P. Clayton is described in Bull. 65 of Engineering Experiment 
Station of University of Illinois and in abridged form in Moyer, Caldcrwood, and 
Potter, Elements of Engineering Thermodynamics,” 3d ed., p. 147; also in Jour. 
A.S.M.E., April, 1912. 

• ^ Proc. Inst. Civil Eng.j Vol. 120, p. 323. 
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governor the total steam used by the engine per hour at different loads 
can be represented by a straight line upon a mean effective pressure base 
or upon a horsepower base.’' It will be shown also in the following para¬ 
graphs how, theoretically, this relation holds for an engine operating at a 
fixed cut-off and with a throttling governor and that the total steam used 
per hour is proportional to the mean effective pressure and also to the 
horsepower developed. 



Fig. 271.—“Willans linoH” for an engine with a throttling governor. 


If we assume that the expansion curve is hyperbolic, v Inch is usually 
near the truth, then the mean ‘"forward” pressure given by an indicator 
diagram is* 



where pi is the initial pressure of the steam and r is the ratio of expansion. 
With a throttling governor r is, of course, constant. The terms in the 
parenthesis can then be represented by a constant c and the mean for¬ 
ward pressure pf then can be written as pic. Volume of steam used per 
hour for a double-acting engine can be expressed in cubic feet as 120(ny), 
where n is the number of revolutions per minute and V is the volume 
of steam admitted to the cylinder per stroke. Now if we use the symbol 
Vi for the specific volume, that is, the volume in cubic feet of a pound 
of steam at the pressure pi, and assume for a small range of pressures 


* Compare with Perry, “Steam Engine,p. 286. 
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that piVi == a constant k, then we can write, if W is the weight of steam 
used per hour in pounds, 


^ ^ 120(n7) ^ 120(n7pi) 

vi k 


( 86 ) 


Now with a throttling governor and constant cut-off all these quantities 

, . . . , 120(n7) 

are constant except pi, and writing a constant z for the term -r- 


we have W = ^pi, but it was shown above that the mean forward pres- 

Vf 

sure p/ = cpi, so that W = z—- 


Therefore the curve representing this equation is a straight line and 
passes through the origin of coordinates. If, however, we use the mean 
effective pressure instead of the mean forward pressure, then 


rri.e.p. = p/ - p^. 


where pb is the mean ^^back^’ or exhaust pressure. In these last terms 
then 


W 


-(m.e.p. + Vb). 


(87) 


This last equation may be stated as IT = a constant X m.e.p. + another 
constant which, when plotted to a scale of mean effective pressure for 
abscissas and weight of steam used per hour for ordinates, is also a 
straight line, intersecting the axis of ordinates above the origin at a 
distance corresponding to the steam consumption per hour at- no load. 

Since the indicated horsepower (i.hp) is proportional to mean effc^ctive 
pressure, a straight line will result when the steam consumption and 
indicated horsepower are plotted; and the same holds true also when 
steam consumption is plotted with brake horsepower (b.hp.) instead of 
indicated horsepower. 

Curves Showing Results of Tests Graphically. —One of the best 
checks of an engine test is to plot the principal observations graphically 
as the test proceeds. This is particularly important as regards the 
total weight of steam used per hour. For a series of tests each made 
with a different load the points plotted with horsepower (either indicated 
or brake) as abscissas and total steam per hour as ordinates should lie 
along a straight line, known as the Willans line. This statement applies 
accurately only for engines operating with a throttling governor at, of 
course, constant speed but is generally applicable to steam turbine 
tests (page 375), irrespective of the type of governor. 

If steam-rate tests have been run at several loads, the principal results 
will be shown in curve form. Such curves should all be plotted with a 
common scale of load as abscissas, with the following ordinates: (1) 
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total steam, to as large a scale as possible; (2) steam rate, or heat con¬ 
sumption; (3) thermal efficiency; (4) engine efficiency. 

As a check on operating conditions, the report should present for each 
test run graphic logs, with time as abscissas, and with the following 
ordinates: (1) initial steam pressure; (2) initial steam temperature or 
moisture; (3) exhaust pressure; (4) load; (5) rate of flow of condensate. 

Note. —Power Test Codes have been prepared by the A.S.M.E. on 
the following subjects, which for lack of space could not be included in 
this book. Subjects and references are given below: 

Code for Evaporative Apparatus (see Mech. Eng., March, 1922). 

Code for Locomotives (see Mech. Eng., October, 1923). 

Code for Hydraulic Power Plants (see Mech. Eng., April, 1922). 



CHAPTER XIII 


TESTING STEAM TURBINES AND TURBOGENERATORS 

Testing Steam Tixrbines.^ —In every power plant the means should be 
available for making tests of the steam equipment to determine the steam 
consumption. Usually tests are made to determine how nearly the 
performance of a turbine approaches the conditions for which it was 
designed. The results obtained from tests of a turbine are to show 
usually the steam consumption required to develop a unit of power in 
a unit of time, as, for example, a horsepower-hour or a kilowatt-hour. 

The most valuable test of a steam turbine or of a reciprocating steam 
engine is made when varying only the load, that is, with pressures, 
superheat, and speed constant. When the steam consumption is then 
plotted against fractions of full load, a water-rate curve is obtained.*^ 
For such a curve a series of tests is needed, each for some fraction of 
full load; and in each separate test the power as well as all the other 
conditions must be held constant. 

Another important test of the performance of a steam turbine is 
made by varying both the speed and the power and keeping the other 
conditions constant. The observations of speed and power from such 
a test give a power parabola as illustrated in Fig. 272. This curve shows 
at what speed the turbine gives the greatest output. 

Methods for Testing. —The important observations to be made in 
steam turbine tests are: 

1. Pressure of the steam supplied to the turbine. 

2. Speed of rotation of the turbine shaft. 

3. Measurement of powder with a brake or with electrical instruments. 

4. Weight, or measurement by volume, of the condensed steam. 

^ Tests of the turbines alone in a modern station may be only a, rouj^li indication of 
the overall economy of the plant. Recently fsteam turbines \v(',re installed in a large 
power plant wh(;re they replaced steam engines of an excelh^nt make. Te^sts of the 
turbines and of the engines made without considering the losses in tlu^ n^st of the plant 
showed very little gain in efficiency by this change, although it was found that the fuel 
consumption was reduced 20 per cent. 

Parts of this chapter and the chapter following are taken from the author’s work 
on ‘^Steam Turbines,” 6th ed., published by John Wiley Sons, Inc., New York. 

2 The most satisfactory t(;sts of turbines are made with steam slightly superheated 
rather than wet. When steam is very wet (more than about 4 per cent moisture for 
ordinary pressures), the determination of the quality is difficult. There is also a dan¬ 
ger that steam showing only a few degrees of superheat by the reading of the ther¬ 
mometer is actually wet. The high temperature is due in such cases to heating from 
eddies around the thermometer case or in steam pockets near it. 

374 
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Tests may also be made with varying initial steam pressure but with 
other conditions, including exhaust pressure and load, constant. 

Calculations of the steam consumption and efficiency of turbines made 
by allowing for the different losses as calculated separately and then 
added together, as is often done to determine the losses in electrical 
apparatus, are of very little value except when made by experienced 
designers.^ 

It has sometimes happened that split condenser tubes have caused a 
leakage of steam which was extremely difficult to measure. Cases are 
reported where the split opened up 
only when the condenser was 
heated with a large volume of 
steam. On this account it is pref¬ 
erable not to use a leaky conden¬ 
ser for accurate tests; in other 
words, the ccmdenser should be 
thoroughly repaired before tests 
are made. The effect of split 
tubes causing an irregular amount 
of leakage is usually shown in 
tests by inconsistent results in the 
weight of condensed steam. In 
that case the leakage will be 
greatest with largest flow of steam 
through the condenser and it 'will 
be observed, for an engine operat¬ 
ing with a throttling governor or 
with a steam t urbine, that when Fig. 272 .—ResultBoUcsts of a turbine at 

the Willans line^^ (page 372) is ^ 

drawn to check the tests, it will be curved instead of straight. It 
should be noted, however, that a curved ^'Willans line” does not neces¬ 
sarily indicate condenser leakage, as the irregularity may be due to faulty 
design of the engine- or turbine. 

Steam Consumption Determined by a Heat-balance Method.— 

Still another method is sometimes used for determining the steam 
consumption of engines and turbines operated with jet condensers or 
condensers of a similar type where the cooling water and condensed steam 
are mixed and discharged together from the condenser. This method 
is based on the measurement of the amount of heat absorbed by the 



^ This method of calculation of steam consumption is explained in detail in “Steam 
Turbines,” by the author, 6th ed., pp. 86-93. Steam consumption of a turbine can 
be predicted by calculations much more accurately than for a steam engine. 

* The “ Willans” line for a reciprocating engine operating with an automatic cut¬ 
off governor is usually a curve slightly concave upward. 
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cooling water from the condensed steam. The weight Wc and tempera¬ 
ture of the cooling water leaving the condenser tz, the quality of the 
exhaust steam x, and the temperature of the mixture of condensed steam 
and cooling water V* are determined as accurately as possible and from 
these data the weight of condensed steam Wa is, of course, readily calcu¬ 
lated by a simple algebraic equation as follows: 

Wc{t2 ~ 32) + WsQif + xhfa) = {wc + Ws){t" — 32), (88) 

where hf and hfg are, respectively, the heat of the liquid and the heat of 
vaporization corresponding to the temperature of the exhaust steam. 
In this equation ^‘heat contents’^ are measured for each term from 32®P\ 
The method is, however, unreliable and at best can be depended on for 
only very approximate results. The reason for this inaccuracy is the 
difficulty of measuring, especially in large plants, the quantity of cooling 
water and the true average temperature of a large volume of water flowing 
in a pipe or channel. It is found usually that the temperature of the 
water discharged from the condenser will vary from one side of the pipe 
to the other, and small errors in the determination of this temperature, 
because the rise in temperature is small, will make large discrepancies 
in the calculated weight of condensed steam. 

Steam Consumption of Auxiliaries by Calculation of Heat Balance.— 
The heat-balance method of the preceding paragraph can be adapted 
also to the calculation of the steam used by noncondensing auxiliaries 
discharging their exhaust into a feed-water heater, provided, of course, all 
the steam entering the heater is condensed. 

W = weight of condensed steam from turbine, in pounds. 

Wo = weight of make-up water, in pounds. 

Wa = weight of steam used by auxiliaries, in pounds. 

= temperature of water entering heater, in degrees P'ahrenheit. 
t 2 = temperature of water leaving heater, in degrees Fahrenheit. 
to = temperature of make-up water, in degrees Fahrenheit. 
ta = temperature of steam corresponding to back pressure, in 
degrees Fahrenheit. 

hfoa = heat of vaporization, corresponding to back pressure, in B.t.u. 
per pound. 

W{t2 — h) + W„(t2 — to) = WaQlfga + “ h). (89) 

Stage pressures should be observed and recorded when tests are 
made of steam turbines having a series of pressure stages. These data 
are often extremely useful, both for checking the weight of condensed 
steam if the turbine is of the nozzle type^ and also for showing any 
abnormal conditions in the several stages. 

^ Usually the nozzles discharging the steam into the second stage of the turbine 
are always open, so that the total area is always constant. If, therefore, the areas of 
the smallest sections of these nozzles are measured and the pressure is observed in the 
first stage, the weight can be calculated with a considerable degree of accuracy by 
using the formula for the flow of steam on p. 196. 
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Results calculated on a basis of kilowatts output should be net; 
that is, the power required for excitation should be subtracted from 
the generator output. If, however, the generator is self-exciting, the 
net output can be measured directly at the terminals of the machine. 

Different machines will have different correction factors for varying 
conditions of pressure, superheat, vacuum, etc., so that water rates 
corrected for large variations are always likely to be more or less inac¬ 
curate. This is particularly true in respect to vacuum corrections. 
Some turbines will give a very good efficiency with a low vacuum, but at a 
high vacuum because of an insufficiently large steam space the efficiency 
will be low. 


Calcui.ations of Efficiency (Shaft and Bucket) of a Steam-turbine Generator 
Compared with the Rankine Cycle 


1. “Eloctrical” kilowatts. 

2. R.p.in. 

3. Steam per hour (corrected for moisture). 

4. Water rate per “electricar’ kilowatt, in pounds per hour. Item 3 -5- Item 1. 

5. /“/?, loss in generator, in kilowatts. 

6. Rotation loss of generator alone, in kilowatts. 

7. Rotation loss of wheel and generator, in kilowatts. 

8. “Shaft” kilowatts. Item I -f- Item 5 -f Item h. 

9. “Buck(‘t” kilowatts. Item 1 Item 5 -|- Item 7. 

10. Water rate per “shaft” kilowatt, in pounds p(‘r hour. 

11. Water rate per “l)ucket” kilowatt, in pounds per hour. 

12. St.('am-ch(‘st pressure, in pounds per S(iuare inch, absolute. 

13. Exhaust pressure, in pounds per sfjuarc* inch absolute. 

14. Available energy, in B.t.u. per pound of steam. 


15. Theoretical water rate, in pounds per kilowatt-hour = 


_ 3,413 _ 

available energy (Item 14) 


(S(‘e page 74.) 

16. “Shaft” elliciency = Item 15 Item 10. 

17. “Bucket” efhcieiicy = Item 15 Item 11. 

Notes. —For calculating rotation loss of a new design, stage pressures are, of 
course, used. 

Steam per hour is usually calculated from the area of the nozzles in the first stage if 
th(', governor is 7iot operating. For a speed-torque test the jlow of steam is constant and 

( kw. 
kw. — X 


r.p.in.). 


The speed-output curve (Fig. 272, page 375) is very useful to engineers 
in determining if a turbine is running at its best speed. If the corre¬ 
sponding curves of steam consumption per kilowatt output (usually called 
water rate per kilowatt) and efficiency curves are calculated according to 
the foregoing form, a great deal of information is obtained about the opera¬ 
tion and economy of a turbine. The torque line in Fig. 272 is always 
drawn straight, just as a ^‘Willans line.'' A curve of total steam con¬ 
sumption is usually a straight line for the normal operating limits of a 
turbine but usually becomes curved when a by-pass valve opens on over- 
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load, or when the turbine is over its capacity so that the pressures are not 
normal in the stages. 

The torque line shows why a turbine engine is not adaptable to auto¬ 
mobiles. The starting torque of a small commercial turbine is not 
large, so that starting would be difficult with a small wheel, and reversing 
and speed reduction would be as difficult as with a gasoline engine. 
The reciprocating steam engine as well as the gasoline engine has, there¬ 
fore, advantages over the steam turbine for this service. Steam turbines 
can, however, be used successfully for the motive power of airplanes. 

Electrical Output of Turbine Generators. Measurement of Direct 
Current. —Careful engineers will not ordinarily use the instruments on 
the switchboard of a power station for measuring the electrical output 
of a generator, because, unless exceptional precautions have been taken 
to avoid “ straymagnetic fields and the instruments have been cali¬ 
brated in place under operating conditions with a sufficient interval 
of time between observations of current (amperes) at different loads so 
that the shunts of the ammeters will reach a constant temperature for 
the particular value of current flowing, there may be considerable error 
in the observations. Switchboard voltmeters are usually satisfactory 
if they are carefully calibrated; but the shunts of the type of ammeters 
ordinarily used have a drop of approximately only 60 millivolts, so that 
the indicating part of the ammeter must be almost entirely a circuit 
of copper wire. It is for this reason that such instruments are likely 
to be affected considerably by varying room temperatures, and with 
some shunt arrangements they are susceptible to errors also from varia¬ 
tions in the value of the circuit itself. For accurate measurements, 
it is therefore best to use only the portable types of indicating ammeters 
having shunts with a drop of 200 millivolts.^ In these latter instruments 
the indicating part is made up largely of resistance wires having practi¬ 
cally no temperature coefficient. Portable voltmeters are also to be 
preferred to those on the switchboards. 

Unless standard shunts having a drop of 200 millivolts as provided 
for good portable ammeters are used, the influence of ‘‘stray'' magnetic 
fields must be guarded against. When, on the other hand, switchboard 
instruments are used, such influences must be investigated and arrange¬ 
ments must be devised so that “stray" fields will not affect the measure¬ 
ments. The influence of very vreak magnetic fields can be eliminated 
from the final results by turning the instruments between successive 
readings. Observations of current (amperes) made with the switch¬ 
board type of instruments are also often in error owing to thermoelectric 
effects producing a small electromotive force sufficient, however, to alter 

^ This value for the drop in shunts is an arbitrary value selected by a number of 
makers of electrical instruments because it gives the best compensation of all the 
temperature errors (see Gen. Elec. Rev., February, 1911). 



TESTING STEAM TURBINES AND TURBOGENERATORS 379 


the readings of the millivoltmeter. The error due to this cause can be 
observed by reading the millivoltmeter at the clos^ of the test immediately 
after the current has been shut off in the main circuit. It should be, of 
course, the object of the observer to take this reading before the shunts 
and leads have cooled appreciably. If there is an error due to this cause, 
there will be a small positive or negative deflection of the needle from the 
correct zero, which should be applied as a correction to all the observa¬ 
tions of current. 

Measurement of Alternating Current.—The same general precautions 
outlined above for direct-current instruments must be observed in the 
use of those for alternating current. Although steady magnetic fields 
are not often a cause of much trouble, it happens often, particularly 
in the case of large generators, that large magnetic fields are influencing 
the measuring instruments, which have the same frequency as that of 
the current measured. To eliminate the effect of such strayfields, 
shielded types of instruments should be used. Only with the most 
expert handling can accuiatc results be expected when unshielded 
instruments are used. For measuring large values of alternating current, 
instrument transformers are generally used. These should be of the 
precision type and should be sent to a standardizing laboratory, before 
and after a scries of tests, to be calibrated, and a certificate of accuracy 
should be obtained. The transformers should be calibrated at as nearly 
as possible the values of the current to be measured in the tests. 

Whenever it is possible, tests of generators should be made with a non- 
inducti\'C load, water rheostats being usually the most satisfactory 
apparatus for providing such a load. At least, tests should be made under 
conditions giving a low power factor, so that there can be no error in 
the readings of the instruments due to phase displacements in the instru¬ 
ment transformers. With a purely noninductive load the readings 
of the ammeters and the ^'oltmeters can be used to check the wattmeters. 
Although the readings of the wattmeters should be taken as the correct 
value of the output, the apparent power as indicated by the ammeters 
and voltmeters should agree with the wattmeter readings within 1 per 
cent. If a noninductive load cannnot be secured, the switchboard amme¬ 
ters and voltmeters will be satisfactory for readings, to indicate whether 
or not the load on the circuits is properly balanced. Watt-hour meters 
are not usually satisfactory for the accuracy expected in most tests, 
and the use of these instruments should be generally avoided. It is 
only in the case where tests must be made under extremely variable 
service conditions, where it is difficult to obtain a true average from the 
readings of indicating instruments, that a watt-hour meter, either for 
direct or for alternating current, may sometimes give more accurate 
results than the portable indicating types of instruments. Whenever 
watt-hour meters are used in tests, they should be checked in place 
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for a series of constant loads at the frequency, voltage, etc., which are 
to be used in the test. 

Single-phase indicating instruments are to be preferred for measure¬ 
ments of polyphase current to the standard types of so-called polyphase 
instruments, as the indications of a polyphase instrument are produced by 
two influences from separate phases of the current in such manner that 
a correction cannot be applied to obtain true values unless the division 
of the load is determined by the use of single-phase instruments. Obvi¬ 
ously, then, if it is necessary to have single-phase instruments in the 
separate circuits, it is desirable to have them of the precision type, and 
polyphase instruments are not needed. 

A.S.M.E. TEST CODE (1928) FOR STEAM TURBINES (ABRIDGED) 

From the standpoint of steam utilization, steam turbines may be 
classified as follows: 

(a) Complete-expansion turbines (no extraction, no relieating, no mixed-pressure 
features—all steam enters at one pressure, and all leaves at one pressure); (h) turbines 
tmth intermediate reheating of the steam; (c) regenerative turbines, from whicdi steam is 
extracted only for heating feed water, and for which th(‘ performance is to be deter¬ 
mined on a thermal ])asis, the turbine being credit(‘d with the heat r(*turned to feed 
water by steam extracted from the turbine; {d) extraction turbines, from which steam of 
unknown quality is extracted for exterior purposes; (r) mixed-prccture turbines; (/) 
combined mixed-pressure and extraction turbines^ 

For the present, this code provides instructions for steam-rate or 
heat-rate tests (page 392) for cases a, 6, and c only, with the essential 
auxiliaries, such as oil pumps and generator fans, whoso operation is 
strictly necessary to the operation of the turbine itself. The determina¬ 
tion of the steam rate or the heat rate in cases d, e, and / is a difficult 
matter, wherefore it is deemed neither feasible nor desirable to reduce such 
testing to the basis of a general code. The principal difficulty lies in the 
determination of the quantity or quality of low-pressure steam, either or 
both of which are required in each of these cases. Such determinations 
are in the nature of research rather than of testing at the present time. 
In specific cases conditions may be such that this code may be followed, 
as, for example, if the low-pressure steam is superheated. 

Load on Turbine. —The load on the turbine is the power being 
developed expressed in brake horsepower or in net kilowatts delivered. 
In some cases observations of this quantity by indicating instruments 
serve as the basis for computation of the output, and in such cases the 
load (or data from which the load may be computed) must be observed 
at frequent intervals (not ordinarily more frequently than every 5 
minutes), and with a high degree of accuracy. 

The momentary load should not differ more than 5 per cent from the 
average load. In some cases the rate of steam flow, as indicated by a 

' See Steam Turbines,” by the author, 6th ed., pp. 311-342. 
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flow meter or the steam pressure in intermediate stages of a turbine, may 
be significant in indicating load variations. The load on a turbine 
running alone may be measured by means of any suitable dynamometer, 
such as friction brake or torsion meter. The load on a turbogenerator is 
the net output of the generator (page 378). 

Total Steam Used. —The total steam shall be determined as follows: 

a. For a turbine exhausting to a surface condenser: l)y weighing or measuring 
the condensate. 

b. For a turbine exhausting to atmosphere, or to a jet condenser: (1) by weighing 
or measuring the water fed to a ])oiler whose only open outlet is the pipe leading to the 
turbine under test; (2) by removing and measuring flow through the first-stage nozzle 
block. ^ 

When water is weighed, scales shall be fitted with tanks arranged 
so that a continuous flow can be cared for, and the scales shall not show 
an error greater than 2 in 1,000. When water is measured, the volu¬ 
metric tanks used shall be accurately calibrated by actual weighing, and 
a correction shall be determined and applied for water temperature. 

In connection with any test in which the total steam is determined 
by weighing or measuring the condensate from a surface condenser, 
the condenser must be tested for leakage of cooling water into the con¬ 
densate (page 350). If this leakage exceeds the limits given below, the 
condenser is not in condition suitable for a reliable test, and it shall be 
made satisfactorily tight before the test. These limits depend upon the 
rated capacity of the turbine and are expressed as a percentage of the 
rated, or guaranteed, steam flow at rated load. 

Per Cent 


Less tlijiii 500 kilowatts or 700 horsepower. 1.00 

500 to 1,000 kilowatts or 700 to 1,400 horsepower. 0.75 

Over 1,000 kilowatts or 1,400 horsepower. 0.50 


If condenser leakage is determined by silver nitrate (for salt water) 
(page 349), or by the electrolytic-conductance method (page 355), 
observations shall ho. made every half hour during the turbine steam-rate 
test, in addition to the observations made during the preliminary leakage 
test. 

The water level in the condenser hot well or inlet pipe to the con¬ 
densate pump shall be checked at the beginning and end of a run, and 
at intermediate points which mark the division of the run into pc^riods, 
for each of which the steam rate is to be determined; and correction 
shall be made for any outstanding change in the quantity of water 
stored. It is highly desirable that means be employed for holding the 

^ A steam-flow method using standardized nozzles is recommended Vjy the A.S.M.E. 
Research Committee on Fluid Meters for determining the total steam used by extrac¬ 
tion (bleeder) and noncondensing steam turbines. This method is explained on page 
197 and more in detail in Trans. A.S.M.E., Vol. 55, No. 11, p. 164, 1933. 
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condensate level constant throughout the test, as, for example, by 
throttling the discharge of the condensate pump. One satisfactory way 
of obtaining the desired result is to note that a gage glass on the inlet 
pipe to the condensate pump shows a constant level. If the volume of 
the pipe between the gage glass and the condensate pump is small, it 
will be sufficient to see that the gage glass is always empty. The result¬ 
ing error can easily be computed and will usually be negligible. There 
should be no other points at which water can accumulate. If such 

places cannot be avoided, proper cor- 
A rection shall be made for each of them 

^ ^ just as for the hot well. All lines lead¬ 

ing from and to the condenser, other 
than the air and condensate pump 
suctions and turbine drips, shall be 
blanked off or fitted with two valves 
with a bleeder between them. 

If condensate is used for any pur¬ 
pose, such as for sealing pump glands, 
turbine glands, or the atmospheric 
relief valve, the (piantity so used must 
be determined and included in the 
total. Condensate lost through leaky 

and 



Tanker' for 
*lt>ghing or 
Measuring 


Fig. 273.- 


in- 


-Piping when condensate is used valves must be determined 

for “scaling” water. i i i r -i. i j i i 

eluded, li it has not previously been 
accounted for. Water other than condensate entering the condenser, 
or other parts of the system, and weighed or measured condensate 
reentering the condenser must be determined and deducted from the 


total. It is plainly desirable that the arrangement of piping, etc., be 
such that the need of such corrections to the test results be reduced 
to a minimum. For instance, in turbines equipped with water glands 
with condensate employed for sealing, they may be piped up as 
shown in Fig. 273. Water is taken from the line between the condensate 
pump and weighing tanks and pumped to the desired head for sealing the 
glands, and the overflow is returned to the same pipe. Of course, any 
external leakage from such glands must be collected, properly weighed, 
and charged against the turbine. Similarly, any gland or water seal 
employed to preclude air leakage to parts connected with the condenser 
and under vacuum may be piped up in the same manner and cognizance 
taken of leakage outward only in the computing of the test results. 

With suitable precautions, the weighing or measuring of boiler feed 
water should give results accurate to within plus or minus 3 per cent. 
To secure this accuracy, it is necessary to reduce the effect of the inevi¬ 
table uncertainties of this method by the exercise of the greatest care, 
and by the prolongation of each constant-load run to not less than 10 
hours’ duration. 
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In cases in which it is impossible to arrange for weighing or measuring condensate 
or boiler feed water, the steam rate of a turbine may be determined by removing the 
first-stage nozzle block and determining the relation between total flow and initial 
steam pressure. Several precautions are necessary. The nozzle block must be 
replaced in such a way that there is no possible leakage of steam around it. For this 
reason it is recommended that this method never be used if it is necessary to break a 
high-pressure steam joint within the turbine in order to remove the nozzle block. 
The determination of steam flow through the nozzles must be made by the actual full 
flow of steam into a surface condenser, the condensate being weighed or measured. 
If the first-stage nozzles are in two or more groups, these may, of course, be tested 
separately. Care must be taken in measuring steam pressures during both the nozzle 
test and the turbine test, the pressure connections being located at precisely the same 
points in both tests. The initial pressure must be taken in the chamber from which 
the nozzles draw steam din^ctly—this is sometimes called the “bowl” pressure. The 
steam pressure at the exit from the nozzles must not exceed 58 per cent (page 195) 
of the absolute steam pressure in the chamber from which these nozzles receive steam. 
The chamber into wliich the discharge occurs and which connects the nozzle block 
to the surface condenser must be of ample size to avoid cross currents or eddies, 
and to give a uniform static! pressure throughcnit the region into which the nozzles 
discharge. The* static pressure must be taken at one or more points in this chamber 
to be cert ain that the nozzle pressure therein does not exceed 58 per cent of the initial 
absolute j)ressure. 

Incidental steam supplied to any auxiliary which is included in the unit being 
tested, but not included in the main condensate, can usually be determined by a steam 
iiK'ter. In this coniu'ction the consideration of relative accuracy is of special impor¬ 
tance. For example, suppose! a turbine to be served by auxiliaries whose steam con¬ 
sumption is 1 per cent of the steam consumption of the main unit. For every 1,000 
pounds of s<(!ani used by the main unit., the auxiliary device receives 10, and the two 
together receive' 1,010. The main supply shall be measured with great care—assume 
that it. has been nu'asured with a probable error of not more than 1 in 1,000. This will 
be an absolute error of 1 in 1,010 of the aggregate steam consumption of the turbine 
and its auxiliaries. A meter measuring the smaller quantity of steam passing to the 
auxiliaries m*ed not have a gn^ater absolute accuracy than that attained in measuring 
the larger (juantity, that is, it may have an absolute error of 1 in 1,010 of the aggregate 
steam consumption. Since this meter measures only 10 in 1,010 of the aggregate 
steam consumption, its error relative to its own reading may be as great as 1 in 10 
without introducing errors in the final result greater than those probable from other 
sources. Accordingly, relatively small portions of the total steam may be measured 
by flow m(!t(!rs carefully adjustetl and accepted with only approximate calibration 
or, in extreme cases, without calibration. On the other hand, the performance of 
auxiliary devices is not without interest, and the steam supplied to them should always 
be measured with as great accuracy as the circumstances permit. The fact that 
large relative errors are permissible in such quantities is no justification for failing 
to take ordinary precautions to minimize all known and controllable errors. The 
steam escaping from all steam seals shall be eliminated or, if it cannot be reduced to a 
quantity which is agreed to be negligible, it shall be caught, condensed, and weighed 
or measured. The steam may be condensed by either an air-cooled or a water-cooled 
surface condenser or in a bucket of ice water, weighed before and after. 

In determining the total steam passing the throttle of a turbine operating on the 
regenerative cych, several precautions arc necessary. There are several ways of dis¬ 
posing of the drips from the extraction heaters, but all methods finally discharge the 
drips into the main stream of water, leaving the unit to return to the boiler room. 
Care must be taken to intercept the water stream, for weighing or measuring, beyond 
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the point at which such drips return, so that the condensate from all steam which 
passes the throttle shall be included. It will often be the case that the water at this 
point is too hot to be weighed or measured accurately, because of excessive evapora¬ 
tion. In such cases it will be necessary to install temporarily a device for cooling the 
water to 140°F. or below. 

Condition of Steam Supplied. —The initial condition of steam supplied 
must be determined in the steam line on the boiler side of the throttle 
valve^ and strainer and as close as possible to the throttle valve. 

The 'pressure shall be measured by means of a calibrated gage of the 
Bourdon or dead-weight type, whose instrumental error must not exceed 
1 per cent of the pressure indicated. The gage connection shall prefer¬ 
ably be in a straight run of pipe at least five diameters long and two and 
one-half diameters from the discharge end of the pipe. 

The quality of wet steam shall be determined by means of a steam 
calorimeter of approved type. It must be borne in mind that the 
moisture content of wet steam has a disproportionately large effect on 
the turbine steam rate, and that the quality of steam is very difficult 
of accurate determination. Accordingly, when a turbine under test is 
supplied with wet steam, the test results are very likely to be consider¬ 
ably less accurate than those obtained with sui)erheated steam. If the 
calorimeter indicates moisture in excess of 2 per cent, ihe steam-rate 
test cannot be regarded as reliable. Every effort should be made to 
avoid testing any turbine with a wet-steam supply. Even in turbines 
designed to run on saturated steam, it is better to test tiiern with steam 
somewhat superheated, say 25°I\, and then, by means of suitable correc¬ 
tion factors, to make w hatever comparisons are called for. 

The temperature of superheated steam shall be measured by means 
of a mercury-in-glass thermometer, having an engraved stem at least 12 
inches long, accurate to 1°F., which will not break its thread on cooling, 
and wffiich will return to within 1° of its original reading after quick 
heating to steam temperature and cooling to room temperature. This 
thermometer shall be calibrated both beh)re and after the test by one 
of the methods described on pages 49 to 59. 

Should a thermometer be broken during a test, it shall be replaced by a 
similar instrument, likewise calibrated, and such reserve thermometer 
shall be provided and calibrated before the beginning of the test. The 
steam thermometer shall be inserted in a finned well of the type described 
on page 41, filled with mercury, fused sodium nitrate, soft solder, or 
other material. The well shall preferably be located in the middle of a 
straight run of pipe five diameters long. Stem corrections shall be made 

^ By ^Hhrottle valve” is meant the steam stop valve used to start or stop the 
turbine, which, when open, gives a practically negligible pressure drop. This should 
be distinguished from governor or regulator valves. Of course, the steam strainer 
must be clean and cause no abnormal drop in pressure. 
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as explained on page 45, temperature of emergent stem being taken by 
means of an auxiliary thermometer. 

Condition of Steam Rejected. —For consistent accuracy, exhaust 
pressure must be measured much more accurately than initial pressure. 
For condensing turbines, exhaust pressure shall be measured by means 
of carefully constructed mercury columns, accurate to 0.01 inch of 
mercury. 

Exhaust pressure shall never be computed from temperature observa¬ 
tions. Precautions for its measurement are given on pages 387 and 389. 

Time. —The exact time (accurate to 1 second) shall be recorded for 
starting and stopping the weighing or measuring of water for each run, 
and for the initial and final readings of integrating load instruments for 
each run. If a run is to be divided into parts for checking, the exact time 
of the intermediate water check and integrating meter reading shall also 
be recorded. The approximate time (to the nearest minute) of all other 
observations shall be recorded. Simultaneous observations may be 
controlled by the use of whistles, bells, or the like, operated from a com¬ 
mon electric circuit, with warning and final signals for each reading. 
Another convenient method is the use of two or more synchronized stop 
watches. These are started simultaneously (a little practice makes this 
easy) a few minutes before the beginning of a test run and are given to 
the observers of load and water weight, with the understanding that the 
run will start on the ?dh minute and stop on the mth minute, with other 
intermediate points, if desired. The water weighers should record the 
time, accurate to 1 second, on each occasion when the flow of water is 
diverted from one tank to another. Such data are of great value in 
checking for errors in weighing, such as the loss of a tank of water. 

Temperatures." It is usually heli)ful in intorprctiiiK tost results to have obser¬ 
vations of certain 1(Mn])eratur(\s. When saturated steam is supplied, its temperature 
serves as a ch(‘ck on the indications of the pressure gage; however, it must be borne in 
mind that steam may Ix' slightly superheated by certain types of boilers, even though 
no sui)erheater is instalkal. In lik(* manner, the temperature of the exhaust stea7H is a 
rough check on the n'adings of exhaust j)ressure. A thermometer for this purpose, 
however, must be installed with considerable care and good judgment, lest it indicate 
the temperature of the metal of the exhaust nozzle rather than the actual steam temper¬ 
ature. In the testing of small turbiiies rumiing on superheated steam, the exhaust is 
usually highly superheated, ami its temperature is often an important quantity which 
should be measured with every effort to secure an accurate result. 

Preparation for Test. —If the total steam is to be determined by weigh¬ 
ing or measuring condensate, the condenser shall be tested for leakage 
before the test. The turbine shaft seals shall be tested for leakage of 
steam out or air in and shall be adjusted to their normal condition before 
beginning a test. 

If the total steam is to be determined by weighing or measuring boiler 
feed water, the necessary requirements must be carried out before the 
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beginning of the test. A preliminary steam-rate or capacity test shall 
be run for the purpose of determining whether the turbine is in condition 
suitable for the conduct of a formal test, for the checking of all instru¬ 
ments, and for the training of personnel. 

Constancy of Conditions. —During each run of a test, any influence 
whose variation may affect the results of the test shall be allowed to 
become as nearly constant as possible before the run begins and must be 
so maintained throughout the run. The use of graphic logs is sometimes 
of value in determining the proper starting point for a run. 

For a turbine running alone, the maintenance of constant load is a 
special problem in each case. A water rheostat, or special adjustments 
of load, may be adopted. 

In tests of throttle-governed turbines in which manually operated 
valves are provided to nozzle sections, by means of which better steam 
consumption may be secured at fractional loads, such valves shall remain 
open throughout the tests, the turbine thus being able to carry the 
maximum specified load. This requirement is made because the turbine 
is not in operating condition if, during the test, it is incapable of swinging 
up to maximum load at any time. On the other hand, manual valves 
provided for carrying overloads should be closed during tests under 
usual operating conditions. 

Duration. —Each constant-load run comprised in a steam-rate test 
should continue for not less than 1 hour when condensate is weighed 
or measured. When boiler feed is weighed or measured, each constant¬ 
load run shall continue for not less than 10 hours. i^]ach test run shall 
be preceded by a preliminary period adequate to establishing constant 
conditions, as shown by suitable quantitative observations. During 
this preliminary run the load shall be maintained constant and at the 
same value as during the period during which observations are made. 

Starting and Stopping. —A test shall start (and stop) with the simul¬ 
taneous initiation (or discontinuance) of those power or output readings 
which are read from integrating instruments, and of water weighing or 
measuring. It is essential that the observations of these two quantities 
be started and stopped strictly simultaneously. All other readings shall 
start somewhat before and stop somewhat after these times. During 
the period preliminary to a test run, readings shall begin after the load 
and other operating conditions have been held practically constant for 
about 15 minutes. Steam rate shall be computed for successive periods 
of from 3 tb 15 minutes (such periods need not be of equal duration), 
and the formal run shall be deemed to have started with the first two 
such successive periods for which the uncorrected steam rate checks within 
3 per cent. This checking of successive periods should be continued 
throughout the run, as an indication of the constancy of operating 
conditions. 
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Operation at Specified Conditions.—Every effort must be made to 
run the tests with the rated, or guarantee,or other specified values of 
all conditions, such as pressure, superheat, or vacuum. Previous to the 
test there should be ready the initial calibrations of all instruments 
involved in reading initial steam pressure, steam temperature, exhaust 
pressure, barometric pressure, speed, and power. During the preliminary 
period, readings of all these quantities are to be taken and the calibration 
and other corrections are to be applied immediately. Whatever adjust¬ 
ment is possible should be made in an effort to set all conditions at the 
specified values. Very often inattention to the barometric pressure, 
to its correction for temperature, or to a column of water on an exhaust- 
pressure U-tube or a steam-pressure gage results in running a test 
with one or more conditions unnecessarily different from the specified 
values. 

In particular, every effort must be made to test the turbine with an 
exhaust pressure as near as possible to the specified value, because 
corrections for variations in exhaust pressure, especially when extra¬ 
polated, are of very uncertain accuracy, owing to extreme sensitiveness of 
steam consumption to steam congestion in the low^er-pressure stages, 
which is greatly influenced by exhaust pressure. 

Corrections for Operating Conditions.—After all efforts have been 
made, it may still be impossible to have every condition as desired, and 
the test results must be corrected so as to give, as nearly as possible, the 
values which would have been obtained with specified conditions. 

The necessary corrections are given below^: Each one gives the per¬ 
centage change in the steam rate or the total steam for the stated change 
in the given variable, all other conditions except load remaining constant; 
that is, all corrections arc mutually exclusive. 

a. The prc.'^sure correction is the percentage change per 10 pounds per square inch. 
The maximum corniction shall not be for more than 2 per c(‘nt above or 10 per cent 
below the specified absolute pressure (page 399). There is also a superheat correction 
for cases ol pressure variation when the superheat also varies. 

h. The superheat correction is the percentage change per 10°F. change in superheat 
(page 399). The maximum correction shall not be for more than 50°F. either way. 
No test with superheat less than 25°F. shall be run on a turbine designed for super¬ 
heated steam. For turbines running with high back pressiire, the superheat correction 
becomes very large and is attended with some uncertainty. In such cases the range 
over which correction may be made must be reduced. In the case of tests with initial 
superheat of 25°F., or lower, a throttling calorimeter shall be installed and observed, 
since it is possible to have coexistent liquid water and moderately superheated steam. 
Should the calorimeter indicate the presence of liquid water, the accuracy of the test as 
well as the establishment of suitable corrections is open to serious question. Efforts 
should be directed to improving operating conditions rather than to securing correc¬ 
tions. In tests with moderately superheated steam, all drips should be permitted to 
blow steam because water and superheated steam may persist together. With drips 
blowing freely, there is greater certainty that moisture is not reaching the turbine. 
When the steam rate of a turbine is determined by weighing or measuring the water 
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fed to a boiler, it will not be possible to permit drips to blow, unless special precautions 
arc taken to determine the quantity of steam and water discharged. 

c. Moisture Correction ,—Where guarantees are made for wet steam, this correc¬ 
tion is the percentage of change in steam rate for each 1 per cent change in initial 
moisture. The maximum correction shall not be for more than 2 per cent variation 
of moisture from specified conditions. Tests with saturated steam (wet or dry) 
are necessarily of a low degree of accuracy and should therefore be avoided if possible. 
Turbines guaranteed for saturated steam are much more accurately tested with slight 
superheat and if this is done a superheat correction curve (page 399) is needed. 

d. The vacuum correction is the percentage change per inch of mercury change 
in absolute exhaust pressure. The maximum correction shall be for not more than 1 
inch of mercury if the absolute exhaust pressure during the test is higher than that 
specified, nor more than 0.3 inch of mercury if the absolute (exhaust pressure during 
the test is lower than that specified. Different corrections are required for different 
loads, as half load, full load, one and one-quarter load, etc. (page 400). 

e. The hack-pressure correction (for noncondensing turljines) is the percentage 
change per pound change in back pressure. The maximum correction shall be for 
not more than 20 per cent of the rated absolute exhaust pressure, nor in any case for a 
variation of more than 10 pounds per square inc,h. 

/. The speed correction is the percentage change for a 10 per cent change in speed. 
The maximum correction shall not be more than 5 per cent either way. 

g. The power-factor correction is the percentage change for each 10 per cent (diange 
of power factor. The maximum correction shall be for not more than 20 per cent 
difference of power factor either way. 

h. Load Curve. —A curve must be provided showing total steam, corrected to 
specified conditions, plotted as ordinates, and actual load in kilowatts, or the like, as 
abscissas. This is sometimes known as the ^^Willans line’^ (pivRc 370). In case the 
performaiK^e depends on different combinations of hand valves, the curve must have 
branches from tests for each combination. The difference between values on this 
curve of total steam at rated load (or other standard load), and of total steam at the 
corresponding actual test load, divided by total steam at ratt'd load (or other standard 
load), multiplied by 100, gives in percentage the correction to be used as explained 
for the other corrections. 

Correction Tests.—At least one set of correction tests shall be run with loads 
near the rated value and reduced so as to give correction curves (page 398) for rated 
load. Other sets may be required for other loads. This is especially true for the 
vacuum correction, for which values must always be determined over the complete 
range of both load and vatmum covered during the st(iam-rate tests. A correction 
curve in each case should extend as nearly as possible to the specified value. Extra¬ 
polation by extension of a curve may sometimes be necessary, however, and in such 
cases the curve should extend backward a considerable amount in order to fix the 
correct shape. 

The correction curve for initial steam pressure may be obtained by throttling, 
with further correction for changed superheat from a superheat-correction curve, 
or by proper boiler control. The initial pressure-correction curve on a turbine with 
valves opening at loads slightly above a specified load should be run with such loads 
as will put the valves, etc., in the position designed for the specified load. 

The correction curve for superheat may be made by varying the rating at which the 
boilers are operating. If several boilers are available, the superheat may possibly 
be varied by changing the number of boilers supplying steam to the turbine, and 
hence the rating of these boilers. Separately fired superheaters may be used. Other¬ 
wise superheat is practically uncontrollable. The reduction of superheat by spraying 
water into the steam line usually is not permissible, because of the difficulty of getting 
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a thorough mixing. Decrease of superheat usually gives but slight decrease of output, 
so that usually a superheat curve may be run at the specified load. Whenever 
necessary, however, the load must be decreased so as to put the valves, etc., in the 
position designed for the specified load. 

The exhaust pressure of a condensing turbine can be raised by admitting air into 
the condenser or suction line of a dry-vacuum pump by means of a valve whose 
adjustment gives a means of control. However, the exhaust pressure cannot be 
lowered below the value attained with the maximum flow of the coldest water avail¬ 
able, together with the maximum-capacity operation of the air and condensate removal 
pumps. In case of a noncondensing turbine, the back pressure may be varied in one 
direction by throttling with an exhaust valve, and in the other direction by the use of a 
test condenser or by providing a free atmospheric exhaust instead of an exhaust head 
or by some similar expedient. 

An exhaust-pressure, })ack-pressure, or vacuum curve must be run at the constant 
specified flow computed from the specified steam rate and load. This curve will, of 
course, be run with specified initial steam pressure and superheat, so that constant 
specified flow puts the valves, etc., in the position designed for the .specified load. 

The load curve is usually made as a part of the regular tests and, if so, no special 
correction curve is m^eded. Th(‘re are usually regular tests at a number of loads, all 
at conditions as near those specified as possible, and these arc to be used in the manner 
given later (page 392). 

Tests for the various correction curves usually have slight variation in all of the 
conditions in addition to the one for which the correction curve is run. A first approxi¬ 
mation must be made; by assuming corrections for all of the variables, except the one 
in question, including the load correction. This gives a tentative set of correction 
curves for rated load as well as the tentative total steam-load curve. From these 
curves a better set of tcuitative <*()rrection factors is to l>e obtained and all of the tests 
worked up again, giving a second set of correction curves for the rated load as well as a 
total steam-load curve. From this set of curves, another set of curves is to be drawn 
if necessary, until finally a set is obtained which would not be altered by further trials. 

The (iorrection tests shall be finally plotted so as to show the test values of steam 
rate for various values of a variable condition as ordinates, and the variable condition 
as abscissas. A straight line often r(*presents the points, but sometimes a curve must 
be drawn. The slojx' of the straight line or of the chord of a curve (the chord being 
drawn between the test value and the specified value of the variable) divided by the 
specified steam rate gives the percentage correction. Often a curve is also drawn with 
the loads which existed for (?ach correction test as ordinates and the variable condition 
as abscissas. 

The correction obtained directly from the correction tests reduces conditions to the 
specified value of the variable, for the load showm l)y the latter curve at the specified 
value of the variable, since the curve of load against a variable condition will pass 
through the point giving the specified load at Ihe specified value of the variable. 
Exactness in this matter is not essential, however, because percentage-correction 
curves differ but little for wide variations of load. Ilem^e absolute accuracy in setting 
the specified valve position is not required for correction tests. 

The general formula for a correction for A.S.M.E. acceptance tests may be devel¬ 
oped as follows: 

Rt = steam rate at specified conditions. 

Rt = steam rate at test conditions. 

V, = the specified value of one of the variable conditions (for example, pressure, 
temperature, etc.). 

Vt = the value of the same variable prevailing during the steam-rate test, 

C = percentage correction per unit for this variable condition. 
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If the correction curve is a straight line, the correction C will be constant for all values 
of Rt and Vt] but if the correction curve is not straight, the ratio of the change in R 
to the change in V must be taken as the slope of the chord joining the points on the 
correction curve corresponding to the actual values of Vs and Vt. 

The total correction is a combination of the separate corrections for the several 
variable conditions. 

Let Cp — percentage correction for the actual deviation of initial pressure^ of the test 
pt from the specified value p, = C{pt — pO 
Ct = the same for initial temperature,' 

Cx = the same for exhaust pnvssure—and so on for all variable conditions.' 

Since each of these is expresstnl as a percentage of the steam rate at standard con¬ 
ditions, the following relation holds: 
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This may be solved for the value which the steam rate would have were all conditions 
standard: 
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If the various corrections an^ small, a close approximation is given by the following 
equation: 
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This last equation, however, is not strictly accurate; wherefore, in all cases of acceptance 
tests, the several corrections shall be combined by multiplication as in Eq. (90), and 
not by addition. 

Selection of Load to Correspond to a Condition below Standard. —In running a 
regular test, when any one of the conditions is unavoidably below the specified value, 
or in running auxiliary tests for corrections, with any condition purposely set below the 
spe(ufied value, it is important to select a load correspondingly low in order to avoid 
operation of the turbine in a region whicli will introduce irregularities other than that 
corresponding to the single changed condition. 

For instance, if a turbine has hand or automatic valves of any kind designed to 
open at a load slightly above the rated load, then opc^ration at the rated load when 
there is a condition below that specified would make the turbine function in a manner 
which was not contem})lated for rated load. Hence, a load always must b(^ set so as 
to put the valv(;s, etc., in the position designed for the specified load with all conditions 
as specified. This will give a lighter load, with any condition below the specified 
value. The correction for variation of any one condition is usually the same for a 
fairly wide variation of load, so that so far as a correction itself is concerned, it is not 
important to hold an exact load. Pbr all of these reasons, correction tests should 
usually be run at constant valve position, and not at constant load. The standard 
position of the valves need not be set with absolute accuracy, because the correction 
for difference of load is readily given by the load curves. 

' Percentage corrections must be used in the following formulas with due regard 
to algebraic sign. 
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Use of Corrections. —Each correction may be applied either to the total steam 
or to the steam rate. 

For each correction there are given the maximum limits for which it should be used. 
Usually all corrections, except the vacuum and speed corrections, apply to any load 
between 50 and 125 per cent of the rated load, and this is to be assumed unless there 
are tests or specifications to the contrary. The vacuum and speed corrections do not 
apply over any material range of load. 

In each case percentage corrections are computed on the basis of the performance 
of the turbine at the conditions specified, which is taken as 100 per cent. This means 
that the not percentage correction for any item of variation is to be subtracted from or 
added to unity and the result used as a divisor for the test value of total steam or 
steam rate to obtain the corrected value. Such a corrected value gives the total 
steam or steam rate correc.ted to the specified v^alue of the condition in question, for 
the specified load. A further cornurtion must be made for load as specified by the 
last item, if the test load differs from the specified load. The several divisors giving 
the corrections for each condition which varies are to be multiplied together and useid 
as a single divisor for the t(\st value of total steam or steam rate to obtain the corrected 
value. 

Example. —T?ie following hypothetical example will serve to illustrate the 
method. 

Initial steam pressure is low, making the actual steam rate 2.1 per cent higher 
than it would have IxMm witli specified initial pressure. Correction divisor — 1.021. 

Initial s\iperheat is liigli, making the actual steam rate 2.9 per cent lower than it 
would have been with specified superheat. Correction divisor = 0.971. 

Exhaust pressure is high, making the actual steam rate 1.8 per cent higher than it 
would have been with specified exhaust pressure. Correction divisor = 1.018. 

Th(^ load is low, making the actual steam rate 0.4 p(‘r cent higher than it would 
have been with spcx’ified load. Correction divisor = 1.004. 

The combined correction divisor will be 1.021 X 0.971 X 1.018 X 1.004 = 1.013. 

That is, with all things considered, the actual steam rate is 1.3 per cent higher 
than it would have been with all conditions conforming to the specifications. 

Actual steam rate = 1.013 X steam rate under specified cnditioiis. 

^ actual steam rate 

Steam rate under specified conditions =-.. 

1 A/lo 

Correction of Total Steam or Steam Rate.—The observed total steam or steam 
rate, for each constant-load test run, shall be corrected as follows: (a) If condenser 
leakage is ni(;asured by a continuous method (chemical or electrical), the observed 
total steam or steam rate for each constant-load test run shall be reduced by a per¬ 
centage which is the avijrage result of not less than three leakage determinations 
conducted during that same constant-load test run. If leakage is determined by 
either of the direct weighing methods, the observed total steam or steam rate for each 
constant-load test run shall be reduced by the percentage which is the average result 
of the l(\akage tests between which the constant-load run is (xmducted. (6) For 
water other than condensate and condenser leakage entering the condenser, and for 
condensate which does not pass the measuring or weighing tanks, (c) For operating 
conditions. 

If the turbine is tested at several loads covering an appreciable range, the total 
steam, in pounds per hour, shall be plotted against the average turbine load for the 
respective runs, and the total steam curve shall be drawn. The curve of steam rate, 
in pounds per unit output, against load, shall be computed point by point from the 
curve of total steam against load, and not from the actual observed values. For 
purposes of comparison, the values of steam rate computed from the observations 
shall be plotted also. 
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Heat (B.t.u.) Rate. —For turbines operating on the regenerative or reheating cyclea^ 
the steam rate, in pounds per unit output, becomes of small value for comparative 
purposes. In such cases it is necessary to compute the heat consumption, in B.t.u. 
per unit output, as follows: 

B.t.u. per unit output = hgt -f- Qr — (h/w — h/c) — h/e (91) 

where hgt — total heat of steam supplied on the boiler side of the throttle valve and 
strainer, in B.t.u. per unit output. 

Qr = heat added to steam by reheating, equal to the increase in heat content 
from the point at which steam leaves the turbine to be reheated to the 
point at which the reheated steam reenters the turbine casing, in B.t.u. 
per unit output. 

hf„ = heat of feed water leaving the highest temperature heater, in B.t.u. per 
unit output. 

h/e — heat content of condensate (condensed steam) at tlui temperature actually 
prevailing in the condenser hot well during the test, in B.t.u. pc^r unit 
output. 

h/e — heat content of water at the temperature of the boiling point correspond¬ 
ing to the absolute pressure prevailing at the turbine exhaust flange, in 
B.t.u. per unit output. 

These quantities, it is to he noted, are expressed in B.t.u. per unit of turbine out¬ 
put; that is, each is calculated by multiplying a steam or water (juantity ])y a heat 
content or a change in heat content, in B.t.u. pt^r pound. 

In the case of the comphite expansion turbine with neither reheating nor regeneration, 
Qr = 0, and /?/«. = h/c, so that 
B.t.u. per unit output = hgt — h/e. (91a) 

Steam-cycle Efficiency. —The efficiency of the ideal turbine operating under the 
same conditions as the actual turbine shall be c.ornputed.* 

Engine Efficiency. —The engine cfficieiKjy of the actual turbine tested is the ratio of 
the steam rate or tlu; heat rate of the ideal turbine to that of the act ual turbim^. For 
turbines operating on the regenerative or reheating cycles, only the hejit-rate ratio has 
meaning, since the steam rate alone does not express the thermal economy of the unit 
(Item 24, page 396). 

Data and Results. —The data and results should preferably be reported in accord¬ 
ance with the form in Tal)le XX. 

If steam-rate tests have been run at several loads, the principal results shall be 
shown in curve form. Such curves shall all be plotted with a common scale of load 
as abscissas, with the following ordinates: (a) total steam, to as large m- scale as possible; 
(6) steam rate, or heat rate; (c) thermal efficiency; {d) engine efficiency; (c) such 
stage steam pressures as have been observed. 

For a turbine governed by throttling, as long as the overload by-pass valve remains 
closed, these curves should he straight lines, similar to the Willans line, provided the 
initial steam conditions and exhaust pre.ssure do not change greatly. Any marked 
departure from this straight line is a strong indication of erratic results and should 
call for a verification of the points in question by further t(isting. An added use of 
this curve is in cdiecking the internal condition of the turbine;. The position and slope 
of this line vary with the mechanical condition of the turbine and often reveal circum¬ 
stances calling for prompt investigation. 

As a check on operating conditions, the report should present for each test run 
graphic logs, with time as abscissas, and with the following ordinates: (a) initial steam 

* Ideal steam engine cycles are explained in detail in Moyer, Calderwood and 
Potter, “Elements of Engineering Thermodynamics,” 5th ed., pp. 117 to 136, John 
Wiley & Sons, Inc., 1933. 
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pressure; (b) initial steam temperature; (c) exhaust pressure; (d) load; (e) rate of flow 
of condensate. 

\ 3'r£Ali9[**RA1'!Ej f 

Table XX.— Data and Results of Steam-turbine ^ }• Test 

^ Capacity ) 

General Information 

(1) Date of test; (2) location; (3) owner; (4) builder; (5) test conducted by; (6) 
object of test. 

Descripliorty Dimensionsy Etc. 

7. Type of turbine (impulse, reaction, or combination) 

(a) Number of stages. 

(1) Impulse (note which impulse wheels^ if any, have two or more ‘‘velocity’^ 
stages) 

(2) llciaction (pairs of rows, one stationary, one moving) 


(3) Extraction stages 

(4) Reheating stages 

(6) ('Ondensing or noiicondensing. 

(c) Type of governor. 

{d) Rated speed.r.p.iri. 

S. Turbine rating: 

(a) Load at best economy .hp. or kw. 

{h) Maximum overload capacity of t\irbine.hp. or kw. 


9. C^lass of servic(* (driving of (deetrie generator, centrifugal pump, etc.). 

10. Driv(‘n unit: type, size, rating, etc., of driven unit (in particular for electric 


generator). 

(n) Maximum continuous rating of generator.kw. 

(/;) Power factor.per cent 

(c) Overload capacity for. . .minutes.kw. 


11. Auxiliari(‘s: 

(a) Condensing ecpiipinent. 

(1) Type. 

(2) Make. 

(3) Rated capacity. 

{h) Oil pumps. 

(1) Type.^. 

(2) Drive (direct or independent). 

(r) Auxiliaries to driven unit (include in this item siz(‘, type, drive, etc. of exciters, 

ventilating fans, oil pumps, etc. that are auxiliary to the driven unit). 


12. Run number. 

13. Duration.hr. 

14. Average load.hp. or kw. 

15. Initial steam pressure.lb. per sq. in. abs. 

16. Initial steam temperature.°F. 

17. Exhaust pressure.lb. per sq. in. or in. of mercury at 32®F., abs. 

18. Temperature of condensate returned.®F. 

19. Actual steam rate.lb. per hp.-hr. or lb. per kw.-hr. 

20. Steam rate corrected to guarantee conditions... .lb. per hp.-hr. or lb. per kw.-hr. 

21. Guarantee steam rate.lb. per hp.-hr. or lb. per kw.-hr. 

22. Heat rate, actual .B.t.u. per hp.-hr. or B.t.u. per kw.-hr. 
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23. Thermal efficiency, actual.per cent 

24. Engine efficiency, actual (p. 392).per cent 

Output 

25. Output, horsepower-hour, kilowatt-hour, foot-pound, or the like, if observed 

independently. 

26. Average load during run, horsepower or kilowatt. This may be observed directly, 

Item 26 being omitted. 

27. Net output of turbine generator.kw. 

28. Output of generator (repeat for each generator) 

(а) For alternating-current generator. 

(1) Phase 1.kw. 

(2) Phase 2.kw. 

(3) Phases.kw. 

(4) Total.kw. 

(б) For direct-current gcuu^rator 

(1) Voltage.volts 

(2) Current.amp. 

(3) Power.kw. 

29. Additional data for alternating-current unit 

(а) Voltage.volts 

(б) Frequency.cycles per see. 

(c) Power factor.per cent 

(d) Excitation (rej^eat for each generator) 

(1) Power from external source received for excitation 

(x) Voltage.volts 

(y) Current.amp. 

(z) Power.kw 

(2) Power delivered from excitc^r to external loads 

(x) Voltage.volts 

(y) Current.amp. 

(z) Power.kw. 

(e) Power for ventilation (repeat for each generator).kw. 

Atmospheric Conditions 

30. Barometric pre.ssure: 

(a) Inches of mercury at 32°F. 

(b) Pounds per square inch absolute. 

31. Room temperature.°F. 

Condition of Steam Supplied, Observed Just Ahead of the Throttle 

32. Pressure (see p. 388 ): 

(a) By gage...lb. per sq. in. 

(b) Absolute.lb. per sq. in. 

(c) Corresponding temperature of vaporization.°F. 

33. Temperature.®F. 

34. Superheat.®F. 

36. Moisture.per cent 

Condition of Steam in Turbine Stages 

36. Stage a;?/. Pressure: 

(a) By gage.lb. per sq. in., or in. of mercury at 32°F. 

(b) Absolute.lb. per sq. in., or in. of mercury at 32®F. 

37. Stage xy. Temperature.°F. or moisture.per cent 
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Condition of Steam Rejected in Exhaust 

38. Pressure (see p. 387); 

(а) By gage (vacuum or pressure).lb. per sq. in. or in. mercury at 32°F. 

(б) Absolute (vacuum or pressure).lb. per sq. in. or in. mercury at 32®F. 

Condensate Returned to Boiler Feed System 

39. Temperature.®F. 

Speed 

40. Speed.r.p.m. 

41. Variation in speed between no load and full load: 

(а) .r.p.m. 

(б) .per cent of average speed 

Thermal Data 

42. Steam tables used. 

43. Steam supplied: 

(a) Heat content. 

(h) Entropy.. 

44. Steam leaving to bo r(‘h(^ated: heat content.. 

46. Steam returned aftc^r reheating: heat content 

(Repeat Items 44 and 45 for each stage of reheating) 

46. Temperature of boiling point corresponding to exhaust pressure (Item 386). . ®F. 


47. Heat content of watc'r at temperature of Item 46.B.t.u. per lb. 

48. Heat content of wat(^r actually returned to boiler feed system (tem¬ 

perature of Item 39).B.t.u. per lb. 

49. Heat supplied per pound of steam .B.t.u. per lb. 

60. Net work per pound of st(\am developabh^ in ideal turbine operating 

under the same conditions as the actual turbine.B.t.u. per lb. 

51. Thermal efliciency of the ideal turbine.per cent 

Corrections for Operating Ck)nditions 

52. Specified conditions: 

(а) Initial pressure.lb. per sq. in. abs. 

(б) Initial sup(*rheat or quality.°F. or . . . . per cent 

(c) Exhaust pressure.lb. per sq. in. abs., or . . . in. mercury at 32°F. abs, 

(d) Speed.r.p.m. 

(e) Power factor.per cent 

(/) Load.hp. or kw. 

(g) Voltage. volts 


63. Corrections from test to specified conditions, as percentages of specified values: 

(а) For initial pressure. 

(б) For initial superheat or quality. 

(c) For exhaust pressure. 

(d) For speed. 

(c) For power factor. 

(/) For load. 

(g) For voltage.volts 

(h) Total correction for operating conditions. 

Correction for Water Gained and Lost 

64. Condenser leakage (state how determined, and give perti¬ 

nent data).lb. per hr., or per cent 


.B.t.u. per lb. 
. .units per lb. 
.B.t.u. per lb. 
• B.t.u. per lb. 
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55. Other water gained or lost (give complete information, including method 

of determining quantities) .lb. per hr. 

Steam Quantities 

(State method of determining total steam) 


56. Total steam observed during run.lb. 

57. Total steam per hour.lb. per hr. 

58. Total steam per hour, corrected for water gained and lost.lb. per hr. 

59. Total steam per hour, further corrected for oper¬ 

ating conditions.lb. per hr. 


60. Steam rate, actual test.lb. per hp.-hr. or lb. per kw.-hr. 

61. Steam rate, actual test, corrected for water gained 

or lost.lb. per hp.-hr. or lb. per kw.-hr. 

62. Steam rate corrected to specified conditions.lb. per hp.-hr. or lb. per kw.-hr. 


Notp:s and Calculations 


1 to 24. Comprise a brief summary, and may be reported without the subsequent 
supporting material. 

7 to 11. Description of main and auxiliary equipment. 

14. Same as Item 26. 

15. Same as Item 32(6). 

16. Same as Item 33, or, if appropriate, substitute Item 35. 

17. Same as Item 38(6). 

18. Same as Item 39 for a turbine with regenerative' water heating by extracted 
steam. For a turbine without regenerative heating, Item 18 is taken the same as 
Item 46. 

19. Same as Item 61. 

20. Same as Item 62. 

21. Taken from specifications. 

22. Heat rate. See Eq. (91) or (91a).B.t.u. per unit output 


2,545 X 100 
Item 22 Iteun 22 


(See p. 74.) 


2,54 5 X 100 _3,4 13 X 100_ ^ 

Item 61 X Item 50 Item 61 X Item 50 ^ Item 50 

25. Output may be measured directly by integrating instruments. 

26. Load may be measured directly by dynamometer (p. 158). 

27. Item 28 - Item 29(d)(1)( 2 ) + Item 29(d)(2)( 2 ) - Item 29(f). 

43. Is taken for the pressure Item 32 and the temperature Item 33, or the superheat 
Item 34, or the quality Item 35. 

44 and 45. Are taken for the conditions given in Items 36 and 37 and, like them, 
are to be repeated for each stage of reheating. 

49. Item 43(a) ~ Item 44 -f Item 45 — Item 48. For a turbine operating without 
regenerative water heating by extracted steam, substitute Item 46 for Item 48. 

-7 Item 56 
Item 13 

58. Item 57 corrected for Items 54 and 55. 


Item 58 
Item 53 (ff) 
Item 58 
Item 26 


Item 5 7 
Item 26 
Item 59 
Item 26 












CHAPTER XIV 


METHODS OF CORRECTING STEAM-TURBINE AND ENGINE 
TESTS TO STANDARD CONDITIONS (SHORT METHOD) 

Standard Conditions for Turbine and Engine Tests. —If tests of steam 
turbines and engines could be always made at some standard vacuum, 
superheat, and admission pressure, then turbines and engines of the 
same size and of the same type could be readily compared, and an 
engineer could determine without any calculations which of two turbines 
or engines was more economical for at least these standard conditions. 
But steam turbines and engines even of the same make are not often 
designed and operated at any standard conditions, so that a direct 
comparison of steam consumptions has usually no significance. 



Fia. 274.—Water-rate curve of a typical 125-kilowatt steam turbine. (Generator output.) 

It will be shown now how good comparisons of different tests can be 
made by a little calculation involving the reducing of the results obtained 
for varying conditions to assumed standard conditions. The method 
given here is that frequently used by manufacturers for comparing differ¬ 
ent tests on the same turbine or engine (a ‘‘checking^' process) or on 
different types to determine the relative performance. To illustrate 
the method by an application, a comparatively simple test will first be 
discussed. 

Practical Example. Corrections for Full-load Tests. —The curve in 
Fig. 274 shows the steam consumption for varying loads obtained from 
tests of a 125-kilowatt steam turbine operating at 27.5 inches vacuum, 
50®F. superheat, and 175 pounds per square inch absolute admission 
pressure (at the nozzles). It is desired to find the equivalent steam 
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consumption at 28 inches vacuum, 0°F. superheat, and 165 pounds 
per square inch absolute admission pressure for comparison with the 
guarantee tests'' (Fig. 275) of a steam engine of about the same capacity 
operating at the latter conditions of vacuum, superheat, and pressure. 



Fia. 275.—Comparative water-rate curves of a reciproeatinK steam engine and steam 
turbine. (Both with standard generators.) 

The manufacturers of the steam turbine have provided the curves in 
Figs. 276, 277, and 278, showing the change of economy with varying 
vacuum, superheat, and pressure. With the help of these correction 
curves, the steam consumption of the turbine can be reduced to the 
conditions of the engine tests. Figure 276 shows that at between 27 
and 28 inches vacuum a difference of 1 inch changes the steam con- 



Fig. 270.—Vacuum correction curve for a 125-k;ilowatt steam turbine. 


sumption 1.0 pound. Figure 277 shows a change of 2.0 pounds per 
100°F. superheat, and from Fig. 278 we observe a change of 5.0 pounds 
in the steam consumption for 100 pounds difference in admission pressure. 
Compared with the engine tests the steam turbine was operated at 
0.5 inch lower vacuum, 50°F. higher superheat, and 10 pounds higher 
pressure. At the conditions of the engine tests, then, the steam con- 
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sumption of the steam turbine should be reduced 0.5 pound to give the 
equivalent at 28 inches vacuum but is increased 1.0 pound to correspond 
to 0°F. superheat, and 0.5 pound more to bring it to 165 pounds absolute 
admission pressure. The full-load steam consumption for the steam 
turbine at the conditions required for the comparison is, therefore, 
24.5 — 0.5 + 1.0 + 0.5, or 25.5 pounds.^ 



Fia. 277. Superheat correction curve for a 12.5-kilowatt steam turbine. 

Persons who are not very familiar with the method of making these 
corrections will be likely to make mistakes by not knowing whether a 
correction is to be added or subtracted. A little thinking before writing 
down the result should, however, prevent such errors. When the per¬ 
formance at a given vacuum is to be corrected to a condition of higher 
vacuum, the correction must be subtracted, because obviously t he steam 



Steam Pressure * Lbs. Per Sq. In. Abs. 


Flu. 27S. Pressure correction curve for a 125-kilowatt steam turbine. 

consumption is reduced by operating at a higher vacuum. When the 
steam consumption with superheated steam is to be determined in its 
equivalent of dry saturated steam (0° superheat), the correction must 
be added, because with lower superheat there is less heat energy in 
the steam and consequently there is a larger consumption. Usual 

^ The corrected steam consumption is found to bo nearly the same as that which the 
three correction curves show for the same conditions, that is, about 25.0 pounds. If 
there had been a difference of more than about 5 per cent between the corrected steam 
consumption and that of the correction curves for the same conditions, the ratio” 
method as explained on p. 390 for fractional loads should have been used also for 
full load. 
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corrections for differences in admission pressure are not large; but it is well 
established that the economy is improved by increasing the pressure. 

Corrections for Fractional Loads by Ratio Method. —It is the general 
experience of steam-turbine manufacturers that full>load correction 
curves, if used by the following ‘‘ratio'’ or percentage method, can be 
used for correcting fractional or overloads. This statement applies at 
least without appreciable error from half to one and a half load and is 
the only practicable method for quarter load as well.^ Stated in a few 
words, it is assumed then that the steam consumption at fractional 
loads is changed by the same percentage as at full load for an inch of 
vacuum, a degree of superheat, or a pound pressure. It will now be 
shown how this method applies to the correction of the steam consump¬ 
tion of the turbine at fractional loads. Now according to the curve in 
Fig. 276, the steam consumption at 27.5 inches (25.6 pounds) must 

25.0 

obviously be multiplied by the ratio^ 25 6^ which the numerator is the 

steam consumption at 28 inches and the denominator at 27.5 inches, to 
get the equivalent consumption at 28 inches of vacuum. This reasoning 



Conditions 

Required 

Correction 

Percentage 


of test 

conditions 

ratio 

correction 

Vacuum, inches. 

27.5 

.8 

25.0 

-2.34* 


25.6 

Superheat, degrees Fahrenheit. 

50 

0 

I 25.0 

4-4.17 



24.0 

Admission pressure, pounds absolute. 

175 

165 

24.8 

+2 06 




24.3 


Net correction. 




4-3.89 






25.0 

* Steps in the calculations are omitted in the table, thus 0.9766 or 97.66 per cent, making the 

correction 100 — 97.66, or 2.34 per cent. It may seem unreasonable to the reader that these percent¬ 
ages are calculated to three figures when the third figure of the values of steam consumption is doubtful. 
In practice, however, the ruling of the curve sheets must be much finer and to larger scale so that the 
curves can be read more accurately. 

establishes the proper method for making corrections, that is, that the 
base for the percentage (denominator of the fraction) must be the steam 
consumption at the condition to which the correction is to be applied.*’ 

^ A very exhaustive investigation of this has been made by T. Stevens and H. M. 
Hobart, which is reported in Engineering^ Mar. 2, 1906. 

* Assuming that this short length of the curve may be taken for a straight line with¬ 
out appreciable error. 

® In nearly all books touching this subject so important to the practical, consulting, 
or sales engineer, the alternative method of taking the steam consumption at the 
required conditions as the base for the percentage calculation is implied. By such a 
method percentage correction curves derived from straight lines like Figs. 277 and 278 
would be straight lines and, in application, give absurd results. Actually such per¬ 
centage corrections will fall on curves, 
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Similarly, the correction ratio to change the consumption at 50®F. 
25.0 

superheat to 0°F. is 2 ^^ and to correct 175 pounds pressure to 165 
24.8 

pounds the ratio is Data and calculated results obtained by this 

method may then be tabulated as shown in table on page 400. 

The signs + and — are used in the percentage column to indicate 
whether the correction will increase or decrease the steam consumption. 
‘^Net correction” is the algebraic sum of the quantities in the last column. 

The following table gives the results of applying the above *^net cor¬ 
rection” to fractional loads. 



One- 

fourth 

load 

31.3 

kilowatts 

One- 

half 

load 

62.5 

kilowatts 

Three- 

fourth 

load 

93.8 

kilowatts 

Four- 

fourth 

load 

125 

kilowatts 

Five- 

fourth 

load 

156.3 

kilowatts 

Steam consumption from test (Fig. 
274). 

31.2 

+1.2 

32.4 

26.9 
+ 1.1 
28.0 

25.2 
+1.0 

26.2 

24.5 
+ 1.0 

25.5 

i 

23.6 

+0.9 

24.5 

Net correction -h 3.80 per cent. 

Corrected steam consumption. 


Curve B in Fig. 275 shows the corrected curve of steam consumption 
for the steam turbine as plotted from the foregoing table. By thus com¬ 
bining, on the same curve sheet, curves A and B as in this figure, the 
points of better economy of the turbine are readily understood. 

Results of economy tests of various turbines are of very little value for 
comparison when the steam consumptions or water rates” are given for 
all sorts of conditions. With the assistance, however, of curves like those 
shown in Figs. 276, 277, and 278, if they are representative of the type and 
size of turbine tested, it is possible to make valuable comparisons between 
two or more different turbines. 

The foregoing method is based on the usual practice of combining the 
correction percentages in addition as in Eq. (90a) (page 390). The more 
accurate method, of course, is to combine the correction percentages by 
multiplication as in Eq. (90). In this case, since the net connection is 
small, the result is about the same by both methods. 








CHAPTER XV 


TESTS OF COMPLETE STEAM POWER PLANTS—COAL FIRED 

These rules are intended to apply to commercial tests of a complete 
plant to determine the number of pounds of coal consumed per unit 
of work done in a unit of time. For tests of the component parts of 
a complete plant, such as boilers, engines, turbines, etc., rules may 
be found in the respective Codes on the preceding pages applying to 
such cases. 

Read the general instructions given on pages 289 to 303. Take the 
dimensions, note the physical conditions, examine for leakages, install 
the testing appliances, etc., as there pointed out, and prepare for the 
test accordingly. 

Fuel.—Determine the character of the fuel to be used according to 
the object in view. For further particulars reference may be made to 
the Test Code for Boilers and Other Steam Generating Units (page 304). 

Apparatus and Instruments.—The apparatus and instruments 
required for a simple performance test of a steam plant are: 

а. Platform scales for weighing coal and asheis. 

б . Coal calorimeter. 

c. Steam engine indicators. 

d. A speed-measuring apparatus. 

e. Electrical instruments for determining the output of an electric plant. 

If the test involves the determination of boiler performance, and 
engine or turbine performances, additional instruments should be used 
as pointed out in the respective Codes referring to such tests. 

Duration.—The duration of a plant test should be not less than one 
day of 24 hours, and preferably a full week of seven days, including 
Sunday. 

In cases where the engine or turbine is in operation only a part of 
the day, the duration on which the results are computed should be 
considered the length of time that the engine or turbine is in opera¬ 
tion at its working speed. 

Starting and Stopping.—In a plant operating continuously, day and 
night, the times fixed for starting and stopping should follow the regular 
periods of cleaning the fires. The fires should be quickly cleaned and 
then burned low, say to a thickness of 4 inches. When this condition is 
reached, the time should be noted as the starting time, and the thickness 
of each coal bed observed, as also the water levels and the steam pressure. 
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Fresh coal should then be fired from that weighed for the test, the ashpits 
thoroughly cleaned, and the regular work of the test proceeded with. 
At the close of the test, following a regular cleaning, the fires should 
again be burned low; and when their condition has become the same as 
that observed at the beginning, the water levels and steam pressure also 
being the same, the time is observed and this time taken as the stopping 
time. If the water levels and steam pressure are not the same as at the 
beginning, a suitable correction should be made by computation. The 
ashes and refuse are then hauled from the ashpits. 

In a plant running only a part of the day, when during the remainder 
of the day the fires are banked, the time selected for the beginning and 
end of the test should be that following the close of the day^s run, when 
the fires have been burned low preparatory to cleaning and banking. 
The amount of live coal left on the grates under these circumstances is 
estimated at the beginning of the test, and the fires brought to the same 
condition, as near as may be, at the close of the test the next day. If 
the two quantities differ, a suitable correction is made in the weight of 
coal fired, as found by calculation. 

Records.—The general data should be recorded as pointed out on 
page 359, under the head of Records. Half-hourly readings of the 
various instruments concerned are usually sufficient, excepting where 
there are wide fluctuations. A set of indicator diagrams should be 
obtained at intervals of 20 minutes, and at more frequent intervals 
if the nature of the test makes it necessary. Mark on each card the cylinder 
and the end on which it was taken, also the time of the day. Record 
on one card of each set the readings of the pressure gages concerned, 
taken at the same time. These records should subsequently be entered 
on the general log, together with the areas, pressures, lengths, etc., 
measured from the diagrams, when these are worked up. 

Sampling and Drying Coal.—During the progress of the test the 
coal should be regularly sampled for the purpose of analysis and deter¬ 
mination of moisture. 

Ashes and Refuse.—The ashes and refuse withdrawn from the furnace 
and ashpit during the progress of the test and at its close should be 
weighed in a dry st ate, and, if desired, a representative sample should be 
obtained for proximate analysis and the determination of the amount 
of unburned carbon which it contains. 

Table XXI.- —Data and Results of Complete Steam Power-plant Test 

1 . Test of.plant located at. 

to determine.conducted by. 

2 . Type of engine or turbine and class of service. 

3. Rated power of engine or turbine. 

4. Type of boilers. 

5. Kind and type of auxiliaries (air pump, circulating pump and feed pump; jackets, 

heaters, etc.). 
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6 . Dimensions of engine or turbine. 

7. Dimensions of boilers. 

8 . Dimensions of auxiliaries. 

9. Dimensions of condenser. 

10. Date. 

11. Duration.hr. 

12 . Length of time engine or turbine was in motion with throttle open.hr. 

13. Length of time engine or turbine was running at normal speed.hr. 

14. Kind of coal. 

16. Size of coal. 

Average Pressures and Temperatures 

16. Steam pressure at boiler by gage.lb. per sq. in. 

17. Steam pipe pressure near throttle, by gage.lb. per sq. in. 

18. Barometric pressure of atmosphere, in in. of mercury. 

19. Pressure in receiver by gage.lb. per sq. in. 

20. Vacuum in condenser.in. 

20a. Temperature of steam near throttle.°F. 

21. Number of degrees of superheating, if any, near throttle. °V. 

22. Temperature of feed water entering boilers.°F. 

Total QuantitieSj Time, Etc. 

23. Total coal as fired^.lb. 

24. Moisture in coal.percent 

25. Total dry coal consumed.lb. 

26. Ash and refuse.lb. 

27. Percentage of ash and refuse to dry coal.per cent 

28. Calorific value by calorimeter test per lb. of dry coal.B.t.ii. 

29. Cost of coal per ton of.... lb.dollars 

Hourly Quantities 

30. Dry coal consumed per hour, based on duration of running period.lb. 

Indicator Diagrams 

31. Mean effective pressure, in lb. per sq. in. 

Alternating-current Electrical Data 

32. Total electrical output.kw.-hr. 

33. Electrical output per hour.kw. 

34. Output consumed by exciter.kw. 

35. Net electrical output per hour.kw. 

36. Average volts each phase.volts 

37. Average amperes each phase.amp. 

38. Power factor. 

Speed 

39. Revolutions per minute. 

Power 

40. Indicated horsepower developed by main engine: 

First cylinder.i.hp. 

1 Where an independent superheater is used, this includes coal burned in the 
superheater. 
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Second cylinder.i.hp. 

Whole engine.i.hp. 

41. Net electrical horsepower.e.hp. 

Economy Results 

42. Dry coal consumed per indicated horsepower per hour.lb. 

43. Dry coal consuincd per kilowatt-hour.lb. 

44. Cost of coal per indicated horsepower per hour.cents 

45. Cost of coal per kilowatt-hour.cents 


“ Plant as used in this report should include the entire equipment of 
the steam plant producing power, that is, the main cylinder or cylinders, 
the steam jackets and reheaters, the air, circulating and boiler-feed 
pumps if steam driven, and any other machinery driven by steam 
required for the operation of the engine. That the engine plant should be 
charged with the steam used by all the auxiliary machinery in determining 
the plant economy is necessary because the steam consumption of the 
engine is finally benefited, or at least it should be, by the heat they return 
to the system. It is, of course, now the general practice in commercially 
operated plants to pass the exhaust steam from auxiliaries operated non¬ 
condensing through a feed-water heater, thus carrying back to the boiler 
a great deal of the heat. 

When a plant is operating noncondensing, discharging the steam into 
the atmosphere, or with a jet condenser, the steam consumption of the 
engine cannot be determined by weighing or measuring the steam used 

as can be done when a surface condenser is used. The method followed 
in this case is to determine t he steam used by the weight of water supplied 
to the boiler (page 307), it being assumed that all the steam from the boiler 
or boilers used goes to the engine tested. It can usually be arranged for a 
test of one of the engines in a large plant that one or more boilers can be 
segregated or cut off in the piping connections so that these boilers alone 
supply the engine. When, however, this method is to be used, it is 
necessary to determine by a separate test the leakage of the boiler and of 
the piping from the boiler to the throttle valve of the engine. This leak¬ 
age is, of course, the amount of feed water pumped into the boiler to keep 
the level in the water gage constant without taking away any more steam 
than is lost in this way. When this leakage is being determined, the 
pressure in t he boiler must be maintained the same as that at w'hich steam 
is to be supplied to the engine for its test. The feed water pumped into 
the boiler supplying the engine less the boiler and pipe leakage will be the 
net amount of steam used by the engine. 
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GAS- AND OIL-ENGINE AND PRODUCER TESTING 

The testing of internal-combustion engines of the reciprocating type 
operating with gas, gasoline, kerosene, and alcohol does not differ essen¬ 
tially in the important details from steam-engine practice already 
explained in Chap. XII. Indicator diagrams can be utilized to show the 
inner workings in the engine cylinder, giving a record of the pressure, 
“timing” of the valves, and ignition for the operation of the engine 
through a cycle. ^ 

Certain important precautions should be observed when taking 
indicator diagrams, so that a reasonable degree of accuracy may be 
expected from the results of tests. In the first place, the connections 
between the indicator and the combustion chamber should be as short 
as possible. It is much more important that in an internal-combustion 
engine the volume by which the combustion chaml)er (clearance) is 
increased by the indicator connections should be small in comparison with 
the volume of the engine cylinder than in a steam engine, because by 
increasing the clearance volume, obviously, the pressure resulting from 
compression is reduced as well as the pressure due to the explosion. It 
is in this way that large indicators and indicator connections may cause 
a considerable reduction in the thermal efficiency of an engine, that is, 
reducing the efficiency of the transformation of heat energy into work. 

Tests of gas or oil engines as made commercially have usually three 
objects in view: 

1. Brake horsepower. 

2. Indicated horsepower. 

3. Gas or oil consumption per horsepower per hour. 

Many types of gasoline engines, particularly those designed for the 
automobile and airplane services, operate at such high speeds that the 
indicated horsepower cannot be obtained with accuracy. In many other 
engines in this group the mechanical efficiency is very low. It is for 
these reasons that such engines are rated by the useful or brake horse¬ 
power instead of by the indicated horsepower, as with steam engines. 

^ In what is called usually a four-cycle engine there are four piston strokes—one 
each for suction, compression, expansion, and exhaust—(corresponding to two revolu¬ 
tions of the crank shaft for a complete cycle, while in a so-called two-cycle engine, two 
strokes of the piston make a complete cycle—corresponding to one revolution of the 
crank shaft. In the latter case suction and compression are combined in one stroke 
and expansion and exhaust in another. 


406 



GAS- AND OIL-ENGINE AND PRODUCER TESTING 


407 


Brake horsepower is therefore the prime criterion by which the per¬ 
formance of these engines is expressed. 

Ordinary types of steam-engine indicators, moreover, are not very 
satisfactory for testing slow-speed gas and oil engines, and engineers prefer 
to use one of the type shown in the accompanying illustration (Fig. 279). 
It differs from steam-engine indicators of the same type in having in the 
lower part of the main ^^barrel’' a cylinder of smaller diameter than the 
one just about it, containing the spring. This smaller cylinder takes a 
piston of only half the area of the standard size. By this means the scale 



Fig. 279.—Gas-engine indicator. 


of the spring ordinarily used is doubled and the shock on the small rods 
and levers of the pencil motion is only half as great, thus making the 
liability to breakage and the cost of repairs for such indicators very much 
less than when a piston of the standard size is used. 

Types of indicators for high-speed automobile and airplane engines 
are explained on pages 125 to 129. 

Measurement of the Fuel Used. —For tests of gas engines the gas used 
is usually measured by means of a gas meter. A so-called ^‘wet^^ meter 
(page 182) is always to be preferred; but if a carefully calibrated dry meter 
is used, fairly good results can be obtained and it is accurate enough 
for some commercial tests. For gasoline, kerosene, and other oil engines 
the amount of fuel used is preferably determined by direct weighing. The 
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author has found the automatic indicating scales of the pendulum type^ 
now generally used by grocers and meat dealers to be most satisfactory. 
By this means the weight of the oil remaining in the “supply^' vessel 
can be observed regularly throughout a test just as with a gas meter, so 
that irregularities in operation can be immediately observed. The 
vessel containing the oil used by the engine when placed on a scales must 
be connected to the carbureter or the pump, as the case may be, with a 
very flexible metallic tube made without rubber insertion. ^ If an 

indicating scales is not available, a 
very small platform or grocer\s beam 
scales can be used satisfactorily, 
although the weight of liquid fuel 
is not easily obtained at regular 
intervals. 

Another method very commonly 
applied, however, is to use a cylindri¬ 
cal vessel of small diameter provided 
with a gage glass in which the level of 
the liquid can be observed. Such a 
vessel can be calibrated to determine 
the weight or volume oi oil per inch of 
height measured on the gage glass. 
An improved device of this kind is 
shown in Fig. 235 (page 250). 

Observations taken for a test of a 
gas or oil engine are, in general, much 
more uniform than the corresponding 
data taken in a steam-engine trial. 
For this reason gas-engine tests, in 
particular, can be made of much 
curves of a duration than upon a steam 

engine for the same degree of accuracy. 

For both gas and oil engines the points plotted on a scale of brake 
horsepower for abscissas and fuel used per unit of time for ordinates 
will fall along a straight line, similar to and resembling the Willans line for 
steam engines and steam turbines (see page 372). A typical set of curves 
of the results of a test of a gas engine is shown in Fig. 280. Brake horse¬ 
power is taken for the abscissas, as should always be done for gas- and 



horsepower, and efficiency 
6-horsepower gas engine. 


^ Very satisfactory scales for this purpose are made by the Toledo Scale Co., of 
Toledo, Ohio. Similar scales of the spring type are not recommended, because neces¬ 
sarily some of the vibrations of the engine will be transmitted to the scales and the 
indications of the pointer will not be so accurate as they should be. 

* Tubes of this kind are made by the Pennsylvania Flexible Metallic Tubing Co., 
Philadelphia. 
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oil-engine tests, and gas used per hour, to its corresponding scale of ordi¬ 
nates, is given by the top curve. Other curves show the gas used per 
brake horsepower per hour and per indicated horsepower per hour, the 
indicated horsepower, the mechanical efficiency, the number of explo¬ 
sions per minute, the revolutions per minute, and the thermal efficiency 
(heat equivalent of the brake horsepower^ divided by heat supplied). 

If the engine uses gas generated from coal in a producer, the test 
should cover a long enough period to determine with accuracy the coal 
used in the gas producer; such a test (page 421) should be of at least 
24 hours^ duration, and in most cases it should preferably extend over 
several days. 

Gas bags should be placed between the meter and the engine to 
diminish the variations of pressure, and these should be of a size propor¬ 
tionate to the quantity used. Where a meter is employed to measure 
the air used by an engine, a receiver with a flexible diaphragm should be 
placed between ^ he engine and the meter. The temperature and pressure 
of the gas should be measured, as also the barometric pressure. 

A.S.M.E. TEST CODE (1929) FOR INTERNAL-COMBUSTION ENGINES 

(ABRIDGED) 

Tests for determining the performance of internal-combustion engines 
by this Code apply to all forms of internal-combustion engines but are 
limited to the engines alone. Separately driven auxiliaries that are 
essential to the operation of the engine, such as scavenging pumps or 
blowers and injection air compressors, for example, may be included in 
the tests, but the testing of such units must follow the other codes appro¬ 
priate to the unit to be tested and the results in horsepower absorbed 
introduced and used in this Code. 

Sizes of internal-combustion engines coming within this Code range 
from one to several thousand horsepower. Speeds range from less than 
100 revolutions per minute to over 3,000 revolutions per minute. Num¬ 
bers of cylinders range from one to 12 or more; some horizontal and others 
vertical; some single acting and others double acting; some two cycle 
and others four cycle, with every variety of attached and separate 
scavenging pump for two-cycle engines. Fuels range from the lightest 
distillates to the heavy-residue fuel oils, organic and mineral in the liquid- 
fuel class, and in the gaseous form include every combustible gas com¬ 
mercially available. Stationary engines operate at all loads normally at 
constant speed under governor control, for any period of time and any 
degree of intermittence of use. Marine engines operate normally at full 
load, and the constant speed fixed by the propeller, but must be maneu- 

^ Most engineers consider the thermal efficiency calculated on the basis of brake 
horsepower more important than that based on indicated power because, particularly 
for high-speed engines, indicators are not very reliable. 
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vered ahead and astern at any speed under hand control and may 
operate for any period of time from short intermittent runs to the con¬ 
tinuous full load for a month or more required of seagoing motorships. 
Aircraft engines must meet about the same service conditions as marine 
engines, except that a smaller length of single run is required, but they 
must operate in the greatest known ranges of atmospheric pressure and 
of temperature. Other engines of the automotive group, those for land 
transportation, including those for automobiles, motor trucks, tractors, 
railroad locomotives, and self-contained cars, are essentially variable in 
speed as normally used, and equally variable in torcjne, horsepower being 
as much a matter of secondary importance as in a hoisting engine or 
steam locomotive. The engines of this last group drive their vehicles 
through gear sets of different speed ratios, and tests of them must be 
conducted with due regard to these service conditions. 

Included within this Code are the following internal-eonihiistion engines: (o) 
stationary engines and electrie-g(merating sets, even if not inteiKhnl for stationary use, 
burning gaseous or liquid fuels, including the scavenging puitips of two-cycle engines, 
and injection air compressors, if used, and separately driven, {h) marine engines, exclu¬ 
sive of propeller, and burning light or heavy liquid finds, (c) aircraft engines 
limited to block tests, exclusive of propeller, and burning light and heavy Iniuid fuels, 
(d) land-vehicle engines limited to block tc^sts and burning light and heavy fuels. 

This Code is limited to tests in which the object is of a commercial 
nature. It excludes all tests forming part of experimental investigations, 
research, or development. But while no engineer undertaking tests 
of a research or development nature needs any Code if he is competent 
to make such investigations, it will usually be found that parts of such 
research work will be aided and in no way hampered by following parts 
of this Code. It is also in the interests of those branches of engineering, 
whose progress is based on experimental data, if any parts of an investiga¬ 
tion are carried out in accordance with the Code, and recorded in accord¬ 
ance with the Code. Results so obtained are more easily comparable 
with the large numbers of tests always being carried out on the lines of 
the Code. The research data then enter readily into the general body 
of knowledge of the internal-combustion engine. 

Measurements. —The mcasunuiients that must be made in a performance test of 
an internal-combustion engine will be of the following quantities: (a) cylinder diame¬ 
ter, stroke, and clearance volume of working cylinders; (b) diaiiKjters of piston-rods 
and tail rods of working cylinders of double-acting (‘iigines; (c) the brake-horse¬ 
power or shaft-horsepower output; (d) the kilowatt output if engine is direct-con¬ 
nected to a generator; (c) the speed in revolutions per minute; (/) the horsepower to 
drive the water-cooling pump and fuel pump (if any); (gr) the hors(‘powcr to drive the 
independent scavenging pump or blower; (h) the horsepower to drive the independent 
injection air compressor; (?’) the amount of fuel supplied: cubic feet of gas for gas¬ 
burning engines, or pounds of liciuid fuel for liquid-fuel engines; if more than one 
kind at the same time, the amount of each kind; (, 7 ) the calorific value of the fuel, high 
heating value. 
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The measurements which may be made in addition to those required above will 
be some or all of the following, as may be agreed in advance by the test engineers: 
(o) cylinder diameters and strokes of injection air compressor; (6) two-cycle engine 
scavenging pump diameter and stroke; (c) diameters of piston and tail rods of scaveng¬ 
ing pumps of two-cycle engines; (d) diameters of piston rods and tail rods of injection 
air compressor; (e) the indicated horsepower; (/) the number of explosions per minute 
or fuel injections per minute, or, in general, combustion times per minute, for each and 
for all working cylinders; (g) the spray-air pressure of air-injection oil engines; {h) 
the exhaust back pressure at the engine; (i) the scavenging-air pressure of two-cycle 
engines, constant or maximum values; (j) the manifold vacuum of carburetor engines; 
(k) the jacket-water or oil-supply pressure at the main and, if jackets are divided with 
separate supplies, the pressure at the supply point or branch pipe to each; (Z) the 
jacket water or oil back pressure at the main outlet or, if jackets are divided with 
separate discharges, the pressure at the outlet of each; (m) the pressure or vacuum or 
the hydraulic head, positive or negative of the supply of liquid fuel at the carbureter 
connection of carbureter engincis, and at the injection-pump suction of injection oil 
engines; (/t) the pressure or vacuum of the gas supplied to gas-burning engines at the 
mixing valve connection; (o) the total pressure, static, and velocity of cooling-air 
supply of air-cooled engines; (p) barometric pressure; (q) atmospheric humidity; (r) 
the presstire of lubricating-oil supply t.o bearings of engines lubricated by pump 
forced-feed circulation; (s) the temperature of the atmospheric-air supply; (0 the 
temperature of the gas for fuel at the mixing valve, or for liquid fuel at the carbureter 
or injection-purnp suction; (?/) the temperature of the jacket water or oil as supplied 
to the engine as a whole or, if jackets are divided with sepanite supplies, the temper- 
at\ire of eacdi separate supply; (v) the temperature of the jacket water or oil leaving 
the engine as a wholes or, if jackets are divided with separate outlets, the temperature 
at ea(;h outlet; (/r) the temperature of the scavemging air of two-cycle engines; (x) 
the temperature of injection air; (/y) the temperature of lubricating oil supplied to 
the engine at as many points as there arc different supplies of pump-circulated lubri¬ 
cating oil, or in the crank case of engines without pumps or having pump deliveries 
that do not permit of temperature measurement; {z) th(^ temperature of the cooling 
air supplied to an air-cooled engine; (aa) the amount of lubricant consumed, in pounds; 
(Jbh) the amount of jacket water or oil supplied, in pounds, for engines as a whole, and 
when jackets are divided for each if both supply and discharge are separate; (cc) 
amount, in pounds or cubic feet, of cooling air supplied to air-cooled engines; {dd) 
amount, in pounds, of jjicket water evap)orated in jackets of hopper-cooled engines, 
(ee) amount, in pounds, of injection water supplied internally to cylinders of some oil 
engines, as a liquid or as steam; {Jf) the compression pressure in cylinders when hot 
and cold, at normal or at reduced sj)eed at wide-open throttle. 

Instruments and apparatus required for a performance test of an internal-combus¬ 
tion engine as prescribed by this Code will include some or all of the following: (o) 
scales with or without speci.al auxiliary apparatus for weighing liquid fuel, with or 
without tanks to be used in cooperation; (h) gas meters for measuring gaseous fuel, 
or gas-metering methods with indirect observation apparatus; (r) gas calorimeters for 
determining the heating value of gaseous fuels; (d) Baum6 oil hydrometer for petro¬ 
leum liquid fuels, and for indirect determination of calorific power; (c) pressure gages 
and mercury or water columns for measuring small pressures and vacua; (f) ther¬ 
mometers; {g) barometers; (h) gas-engine and oil-engine indicators for working cylin¬ 
ders and steam-engine indicators or special low-scale springs for cylinders of two-cycle 
scavenging pumps and low-pressure cylind(*rs of injection air compressors; (i) pressure- 
indicating or recording instruments for compression pressures or injection pressures in 
cylinders; {j) planimeters; (k) tachometers, revolution counters, or other apparatus 
for measuring speed or number of fuel admissions per minute; (Z) absorption dyna- 
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mometers of appropriate type for the horsepower, speed, and torque of the engine to 
be tested, especially hydraulic brakes and electric dynamometers; (m) appropriate 
electrical instruments and apparatus, if the engine is direct-connected to a generator, 
to provide a suitable electrical load and to measure it. 

Use of Indicators. —Indicators cannot be used at all on some internal- 
combustion engines and in other cases only within limits. In no case 
can an indicator be regarded as a precision instrument on an internal- 
combustion engine to the same degree as on a reciprocating steam engine. 
Some special cases are noted: 

o. When the engine speed exceeds 400 revolutions per minute, an indicator must 
not be used for determining the cylinder mean effective pressure of an internal- 
combustion engine. 

b. When tlic engine speed exceeds 400 revolutions per minute, suitable indicators 
may be useful as a means of adjustment of valve or spark timing b\it have no other 
value and are of no use even for such adjustments in tlie case of niulticylinder engines. 

c. On all hit-and-miss-governed engines the indicator must not be used for 
determination of the cylinder mean effective pressure for indicated-horsepower 
determinations. 

d. When indicator cards taken even at speeds of 400 revolutions per minute or less 
are not constant in shape and area over long periods of time while a constant load is 
maintained, the indicator must be rejected as a means of determining (cylinder mean 
effective pressures though it maj^ be used as a means of adjustment of timing, espci- 
cially as a guide to equalizing the timing for multicylinder engines or the two ends of ji 
double-acting cylinder. Constancy of area shall be plus or minus 2 per cent, so that, 
when the largest area differs from the smallest area by 4 per c(int or mor(‘ of their arith¬ 
metical mean, all shall be rejected. At various odd intervals of time, at least 10 
diagrams shall be taken on one card in addition to those taken at n^gular intervals, 
for comparison as to constancy. 

e. When indicator cards taken even at spcicds of 400 revolutions pc'.r minute or less 
are apparently constant in area, according to the conditions d, they may still be 
useless as a means of determining cylinder mean effective pressure; and indicatenl 
horsepower, when the cylind(;r pressures are very high, the spring scale large, 500 
pounds more or less, and the whole meaisun^d card ar(*a at tlui same time is vi‘ry small. 
Under these conditions the precision will be ve^ry low and the; indicatcKl horsepower 
much in error. This condition makes it hopeless to undertake det.erminations of 
indicated horsepower for many oil engines of the high-pressure type, developing 
only small mean effective pressures. 

/. Even in the cases where the indic.ator cannot properly be used as an instrument 
for measuring mean cylinder pressures and indicated horsepower, it can be usefully 
employed as a means of adjusting and equalizing the cylinder compression, the adjust¬ 
ment of main valves, the point of ignition in electricailly ignited engines, of spray- 
valve timing of Diesel oil engines, or the injection-pump timing of injection oil engines 
with direct pump injection. 

Note. —No indicated-horsepower determination should be made unless a separate 
indicator is used on each working cylinder of a multicylindcr engine (each end). 

Dynamometers. —Brakes or absorption dynamometers when used 
must be suitable for the engine to be tested, in capacity, in speed-torque 
relations, and in ability to maintain an adjustment without the necessity 
for constant hand manipulation to hold the scale beam steady. 
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a. For testing engines of the aircraft or land-vehicle types on block tests, nothing 
but an electric dynamometer shall be used to determine brake horsepower. 

h. For brake-horsepower tests of marine engines, the electric dynamometer shall 
be used, or hydraulic, if “reversing'^ tests are to be run. 

c. Other forms of brake may be properly used when testing stationary engines 
as well as also, when available, hydraulic and electric dynamometers. 

d. When brakes of any kind cannot be mounted directly on the engine shaft with¬ 
out other supports, due precautions must be taken to avoid errors due to these 
supports. 

c. In no case may a brake driven by a belt or otherwise than by direct coupling to 
or mounting on the engine shaft be used for engine brake-horsepower measurements. 

/. With due pnicautions and under proper provisions brake-horsepower determina¬ 
tions may be made by the indirect or substitution method, and this is important 
because in some cases it is the only means available. According to this method the 
engine may be tested with a load, such as a propeller (air or water type), or a fan, 
which propeller or fan may later be, or previously have been, tested for its speed- 
tor(iU(^ characteristic curve, and the horsepower of the engine determined by reading 
from this curve the horsepower for the speed maintained by the engine. The special 
pn^ca-utions referred to relate to assurances of idemtity of conditions of air flow through 
and rt'sistanca^ of the prop(‘ll(‘r or the fan under the two separate t(;sts of use and of 
calibration. This is so difhcailt that none but test engineers of special experience 
should undertak(i it (page 165). 

Calorimeters.^—The heating value of fuels to be used in calculations 
of results of tests of internal-combustion engines must be the ^^high 
value’’ with products condensed, or its equivalent. Accordingly the 
following recommendations are made: 

a. When gaseous find is burmal in an engine under test, a standard form of gas 
calorimeter shall be used as one of the instruments of the te^st, and its determination 
shall be used as the heating value of the gas as supj)lied. Calculations of heating 
value from the gas analysis are not permissible according to the Code. 

h. Wh(*n licpiid find is buriK'd in an engine under te‘st, its heating value shall be 
determined in a standard bomb calorimeter by a recognized physical or chemical 
laboratory and in the report the “high valueshould be used in calculating final 
results. 

c. Th(^ heating valu(‘ of gasolines and kerosenes may be estimated by the Sherman 
and Kropff formulas, modifi(^d by Strong, from the Bauine gravity reading without the 
bomb test, if such procedure is made the subject of previous agreement. 

The Sherman and Kropff formulas for the heats of combustion (B.t.u. per pound) 
of gasoline and kerosene as modific^d by Strong (U. S. Bureau of Mines, Bulletin 43, 
pagt^ 19) ar(5 as follows {B = degree Baume): 

Gasoline: high value, 18,320 d- 40{B — 10). (92a) 

Kerosene: high value, 18,440 4- 40{B — 10). (926) 

Volume Meters, Gas.—Gas measurements for an engine burning 
gaseous fuel must be made with meters or by methods yielding the 
greatest possible accuracy consistent with availability and cost in the 
large sizes. In no case can the results of proportional meters be regarded 

as satisfactory, nor those of vane meters of the anemometer type. 

Within the limits of size and cost, positive displacement meters are to be 
preferred, but these are not available for measurements of large capacity. 
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Large-capacity measurements are best made by means of one of the 
various types of flow-rate measurements, and that one, applied to mixed 
gases, should be used that requires the simplest and most accurate 
determination of physical or chemical properties. 

If measurements of volume of injection air or of scavenging air are 
desired, the orifice-flow method (page 190) will be sufficiently correct. 

Liqtiid Measurements. —^Liquid fuel supplied to an engine should 
never be measured by volume; it must be weighed directly as used. 
Combinations of weighing and volume measurements are acceptable if 
the volume of the tank itself is not the measure but only a reservoir 
from which the engine draws a supply, starting with a predetermined 
level marked by a hook gage or on a glass, and a weighed quantity sub¬ 
sequently supplied to restore the original level. In this case the weight 
is the measure and the result acceptable if proper precautions are used 
to limit the weight error of reading levels to something less than the 
error of the scale weighing. In no case shall meters be used to measure 
liquid fuel supplied to an engine. 

When volatile fuels are used, and especially when heavy liquid fuels 
containing light volatiles must be heated to make them flow, precautions 
must be taken to prevent losses of weighed fuel by evaporation. 

Leakage Tests. —^Leakages must be located and corrected. Among 
important leakages to be investigated attention is called to the following: 

a. Cylinder leakiigo outward, lowering the conipn^ssion and efficiency or possibly 
preventing operation. Tluise l(;akages may be best checked liy an indicator if the 
engine is one suitable for indicator use. When there is any clear space between the 
compression and expansion lines of a diagram taken when there is no coml;ustion and 
when cooling water is not running, it may be assumed that leakage is excessive. In 
this case, and in cases where an indicator cannot be used to check hiakage, the several 
possible sources of sucJi leakage must be separately checked. These are piston ring, 
cylinder, cylinder-head gasket, air starting valve, relief valve, spray valve or spark¬ 
plug seat, inlet or exhaust valves of four-cycle engines, or air-scavenging valves of 
valve-scavenging two-cycle engines. 

5. Leakage into the cylinder may occur from the jackets through bad joints, cracks 
or porous spots and blowholes in the castings, compressed air from the starting air 
system through leaky air starting valves, fuel oil past spray valve at improper times, 
and high-pressure spray air when air spraying is used in oil engines. 

c. Miscellaneous leakages not into or out of the cylinder but elsewhere may be 
sought; in the manifold system of carbureter engines anywhere between carbureter 
and inlet-valve seat, especially at flanges and valve-stem guides; fuel oil in injection 
oil engines at pump valves, pump plunger, oil-delivery pipe, or spray valve. 

Operating conditions to be maintained during the test are the ones most uncer¬ 
tain, as will be clear from the following note: 

Aircraft engines must normally work in altitudes varying from sea level to perhaps 
30,000 feet, and in temperatures varying from highest in summer in the tropics, 
perhaps 120°F., to the coldest known, under 50°F. below zero, and in any weather— 
dry, fog clouds, rain, and snow. They must also operate well at any angle of incli¬ 
nation and even upside down, but always with an air-propeller load. Since the only 
tests contemplated under this Code are fixed block tests, it is clear that service con- 
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ditions cannot be closely reproduced and only approximated even in the special 
altitude room of the Bureau of Standards with its air-refrigerating apparatus. 

Effect of Load and Speed. —Operating conditions during the test include mainly 
matters of load and speed to be maintained, with other points incidental to these. 
These should be agnied upon in all details and should not be inconsistent with th(j 
conditions prescribed below: 

a. Engines of the stationary class, including all engine-driven generator sets, shall 
be tested at constant speed under governor control or as near constant as the governor 
will maintain it, and at whatever load in horsepower or kilowatts may be required. 

b. All engines for the propulsion of land vehicles, except such tractor engines as 
are fitted with speed governors and operate normally under governor control, shall be 
tested with throttle wide open, with brake torque regularly varied from nothing to a 
maximum and back to nothing, at whatever speeds may result, and the horsepower- 
speed curve typical of the engine shall be determined instead of the horsepower at any 
giv(ui speed. In no c.asf^ should a safe speed be exceeded and, when the highest speed 
used is the safe limit, it should he so stated. The maximum torque applied shall in all 
cases be greater than that which will produce maximum horsepower unless the speed 
required for this is too high to be safe. 

Starting and Stopping. —Before recording the test observations, it 
is essential that an internal-combustion engine, together with all attach¬ 
ments and appurtenances, be brought to a condition of steady state. 
The test cannot be considered as having started until the engine has 
been in operation for a sufficiently long time to have attained its steady 
state for the conditions of the first run, and until preliminary obser¬ 
vations have been made and recorded to prove that such steady state 
has been reached. If successive runs are to be made, each under some 
different conditions, these must be repeated for each run. In no case 
shall an engine be regarded as having attained its steady state unless 
jacket and lubricating-oil temp)eratures are substantially constant, nor 
shall steady state for the first run be regarded as established in a shorter 
time than 1 hour after the operating conditions have been imposed and 
before test observations have started. For successive runs at other 
conditions the minimum time to reach steady conditions for any engine 
shall be 10 minutes, the actual time being determined by the changes in 
conditions in successive runs. Maximum time to reach the steady state 
for any internal-combustion engine shall not be taken as greater than 
24 hours, which may be regarded as permissible for the largest sizes of 
low-speed Diesel engines for motor ships and double-acting stationary 
gas engines. 

Duration. —The duration of the test after the establishment of steady 
state for the set operating conditions shall be a matter of previous 
agreement but should be greater for engines where reliability is a question 
of importance and which require the longest time to reach the steady 
state. In no case shall the length of run be less than the period required 
to reach the steady state, subject to the additional condition that the 
length of run shall be great enough to insure the accuracy of fuel measure- 
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ment within 1 per cent, except when gaseous fuel is metered and when 
metering accuracy is not improved by lengthened runs. 

General Data.—Instruments should be read at least quarter hourly 
when the conditions are uniform, and oftener when there is much vari¬ 
ation. If there are wide fluctuations in readings, they should be shown 
by recording instruments. Indicator diagrams, if taken, must be taken 
from every working cylinder of multicylinder engines. Each indicator 
diagram should be marked when taken, with the number, date, time, 
corrected scale of spring, number and kind of cylinder, and end of cylinder, 
if double acting. 

Fuel Consumption.—For liquid-fuel engines the actual fuel measured 
is stated in pounds in the report of the test, and is subject to no corrections. 

For gaseous-fuel engines the cubic feet of gas at whatever pressure 
and temperature prevailed, indicated or recorded by the meter or cal¬ 
culated from the readings of flow-rate devices, are stated in the test 
report. This is to be corrected for the pressure and temperature at which 
the gas calorimeter burned the gas. The correction is to be made by 
multiplying the cubic feet of gas measured by the ratio of the absolute 
pressure at the meter to that at the calorimeter and by the ratio of the 
absolute temperature of the gas at the calorimeter to that at the gas 
meter. The product is the cubic feet of gas supplied to the engine 
measured at gas-calorimeter pressure and temperature. 

Heat Consumption.—The number of heat units consumed by an 
engine per hour is found by multiplying the consumption by the heating 
value. The heating value for gaseous fuels is stated in the report of the 
test as found by the gas calorimeter, in B.t.u. per cubic foot, high value. 
The heating value of liquid fuels is stated in the report of the physical or 
chemical laboratory engaged for the determination, in B.t.u. per pound 
of fuel, high value. 

Indicated Horsepower.—When the indicator can be used, and when 
in addition after using it the indicator diagrams are acceptable as to 
accuracy for determining mean indicated pressure, then the indicated 
horsepower shall be calculated as follows: 

For four-cycle engines the indicated horsepower for each single- 
acting cylinder and for each end of each double-acting cylinder shall be 
found by using the formula 

. , _ plan 

" 2 X 33,Odo’ 

where p represents the mean indicated pressure, in pounds per square 
inch, I the length of the stroke, in feet, a the area in square inches of 
the piston less the area of the piston rod or tail rod, if any, and n the 
number of revolutions per minute. The total indicated horsepower 
of a double-acting cylinder is the sum of the horsepower developed in the 
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two ends, and the indicated horsepower of a multicylinder engine is the 
sum of the horsepower developed in all of the cylinders.^ 

For two-cycle engines the indicated horsepower for each single-acting 
working cylinder, and for each end of each double-acting working 
cylinder, shall be found by using the formula 


i.hp. 


plan 

33 ^' 


where the symbols have the same meaning as above. The total indi¬ 
cated horsepower of all working cylinders is the sum of the horsepower 
developed in each of the cylinders, and in each double-acting cylinder 
it is the sum of the horsepower developed in each end. 

Th('. mean indicated pressure should be found by dividing the area of the diagram, 
in square incluvs, as determin(‘d with a correct planirneter, by the length of the dia¬ 
gram, in inches, and multiplying the quotient by the average corrected scale of the 
indicator spring. 

Accuracy t(‘sts must be applied to determine the acceptability of the mean indi¬ 
cated pn\ssure thus determined, especially when cylinder pn'ssures and spring scales 
are high (as for injection oil engines) and card areas small, as is usual for two- 
cycle engines of small size. 


Brake Horsepower.—The brake horsepower is found by multiplying 
the net force Wj in pounds, on the brake arm by the circumference of the 
circle whose radius is the horizontal distance /, in feet, between the 
center of the shaft and tlie bearing point or weight center at the end of 
the brake arm, and by n, the number of revolutions of the brake shaft 
per minute, and dividing the final product by 33,000. 

, , 2 X 3.1416/w?/i 


Brake Mean Effective Pressure.—Brake mean effective pressure is 
calculated for A.S.M.E. Codes from the brake horsepower. The formula 
for four-cycle engines is 

^ b.hp. X 33,000 X 2 

b.m.e.p. =-- 

Ian 


The formula for two-cycle engines is 


, b.hp. X 33,000 

b.m.e.p. =-- 

Ian 


Thermal Efficiency.—The fraction of the heat consumption converted 
into work is the ‘thermal efficiency” and is found by dividing 2,545 
(B.t.u. equivalent to 1 horsepower-hour) by the number of heat units 

‘ Gas or oil engines operating by “hit-and-miss'' governing do not have an explo¬ 
sion in every cycle and the number of explosions must be used for the value of n/2, in 
the foregoing formula. 
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actually supplied per brake or per indicated horsepower-hour. The 
quotient is multiplied by 100 to express the thermal efficiency in percent¬ 
age. The formulas are 

2 545 

Brake thermal efficiency, Eb = ^ 

2 545 

Indicated thermal efficiency, Ei = ^ 

where 

Qb = B.t.u. per brake horsepower-hour. 

Qi = B.t.u. per indicated horsepower-hour. 

The two terms Qi or Qb are equal, respectively, to the high heating 
value of the fuel (B.t.u. per pound or cubic foot) multiplied by the 
amount of fuel supplied per indicated horsepower-hour (pounds or cubic 
feet) or the same quantity multiplied by the amount of fuel supplied 
per brake horsepower-hour. 

Data and results should be reported in accordance with the form of 
Table XXII for horsepower tests made at constant speed, and of Table 
XXIII for horsepower tests made over the whole speed range of a 
variable-speed engine. 

Table XXII. —Data and Results of Internal-combustion Enoine Test at 

Constant Speed 

General Infortnadon 

(1) Date of test; (2) location; (3) owner; (4) builder; (5) test conducted by; (6) 
object of test. 


Description^ Dimensions, Etc. 

7. Type of engine, two or four cycle, single or double acting, horizontal or vertical; 

if four cycle, the valve arrangement, L, T, or 1 head*; if two (\ycle, the type of 
scavenging; if single acting, whether cross-head or trunk piston; if multicylinder, 
the arrangement of cylinders and cranks, gas or liquid fuel; and if liquid fuel, 
carbureter type or other class name fixing manner of treating fuel, such as 
air injection, mechanical injection, or primary combustion. 

8. Class of service, stationary and special feature, marine, aircraft or vehicle, and 

what kind. 

9. Auxiliaries attached, such as magneto, fuel-injection pump, fuel-circulating pump, 

lubricating-oil pumps, jacket circulating pumps, scavenging pumps, spray-air 
compressor, maneuvering or starting air compressor, radiator fans, oil or fuel 
coolers or heaters. 

10. Auxiliaries, independent or separately driven, and power. 

11. Details of type, capacity, maker’s name, and other features of auxiliaries. 

12. Rated brake horsepower of engine, or kilowatt of electric generating set, and speed 

13. Grade of fuel for which engine is designed, kind of gas or specification of liquid fuel, 

and what was used in test. 

14. Special structural features for fuel utilization. 

' See Moyer, Gasoline Automobiles," .3d ed., p. 51, McGraw-Hill Book Company, Inc., New York. 
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15. Special structural features of speed and power control, and governor or reversing 

gear... 

Number of working cylinders. 

16. Diameter of all cylinders working, four or two cycle.in. 

17. Bore and stroke of power cylinders.. .in. or ft. 

18. Diameter of piston and tail rods of power cylinders.in. 


19. Head-end horsepower constant for power cylinders (stroke X net piston area 

33,000). 

20. Crank-end horsepower constant for power cylinders (stroke X net piston area -4- 

33,000). 

21. Capacity of generator or other apparatus consuming power of engine. 

22. Characteristics of generator—direct current or alternating current, volts, cycles, 

phase. 


23. Duration of test 


Test Data and Results 


hr. 


Pressures, Average 

24. Barometric pressure.in. of mercury.lb. per sq. in. 

26. Spray-air pressure (air injection Diesel engines) average (say whether gage or 
absolute).lb. per sq. in. 

26. Exhaust back pressure* at exhaust nozzle.in. of water 

27. Jacket-water su])ply i)ressure at crank-shaft c(mter.lb. per sq. in. 

28. Manifold vacuum (carbureter engines).in. of water 

29. Gas pressure at meter (gaseous fuel).in. water.lb. per sq. in. 

30. Lubricating-oil pressure, (urculating forced-feed system at crank-shaft center 

lb. per sq. in. 

31. Scavenging-air pressure (gage), average in engine header, two-cycle 

engines.lb. per sq. in. 


Temperatures 

32. Engine-room temperature.°F. 

33. Temperature of fiujl at nu'ter.°F. 

34. Temperature of main air supply entering engine.°F. 

D^cation of thermometer. 

35. Temperature of tnixture at intake port (carbureter engine).°F. 

36. Temperature of main jacket-water or oil inlet.°F. 

37. Temperature of main jacket-water or oil outlet.°F. 

38. Temperature of piston cooling water or oil at inl(*t.°F. 

39. Temperature of piston cooling water or oil at outlet.°F. 


Fuel Properties 

40. Heating value of gas, high value at standard temperature and 

pressure (p. 241).B.t.u. per cu. ft. 

41. Heating value of liquid fuel, high value.B.t.u. per lb. 

Total Quantities 

42. Total gaseous fuel at meter pressure and temperature.cu. ft. 

43. Correction factor for gas = (absolute pressure at meter X absolute standard 

temperature) -j- (absolute standard pressure X absolute temperature at meter) 

44. Total gaseous fuel at standard pressure and temperature (Item 42 X Item 

43).cu. ft. 

45. Total liquid fuel.lb. 
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Hourly Quantities 

46. Total gaseous fuel per hour at standard pressure and temperature.cu. ft. 

47. Total liquid fuel per hour...lb. 

Heat Consumption 

48. Total heat in fuel supplied per hour (Item 46 X Item 40, or Item 47 X Item 

41).B.t.u. 

Indicator Diagrams 

49. Mean indicated pressure, average of all power cylinders.Ih. per sq. in. 

60. Maximum pressure of all power cylinders.lb. per sq. in. 


Speed 

51. Revolutions per minute. 

52. Piston speed (mean of power pistons) 

Power 

53. Indicated horsepower of all working cylinders.i.hp. 

64. Brake horsepower developed by whole engine by brake or dynamometer 

measurement.b.hp. 

55. Brake mean effective pressure (p. 417).lb. per sq. in. 

56. Horsepower input to motor or output of engine driving independ(uit scaveng¬ 

ing pump.hp. 

57. Horsepower input to motor or output of engine driving independent injee^tion 

air compressor.hp. 

58. Horsepower input to motors of other independent auxiliaries essential to 

engine operation.hp. 

59. Net or actual brake horsespower of engine (Item 54 — Items 56, 57, and 58). .b.hp. 

(a) Net brake mean effective pressure.lb. per 8(p in. 

(b) Net torque at 1-ft. radius equivalent to brake horsepower.ft.-lb. 

Economy Results 

60. Fuel consumption per indicated horsepower-hour, gas (Itcun 46 

Item 53), or liquid (Item 47 Item 53).cu. ft. or lb. 

61. Fuel consumption per brake horsepower-hour,'.cu. ft. or lb. 

62. Heat consumed per indicated horsepower-hour (high heat value—p. 241). . B.t.u. 

63. Heat consumed per brakepower horsepower-hour' (high heat value).B.t.u. 

Efficiency Results 

64. Indicated thermal efficiency (2,545 -h Item 62) 

65. Brake thermal efficiency (2,545 -i- Item 63)_ 


Specimen Diagrams 

66. Sample diagram from each power cylinder. 

Electrical Data 

67. Average volts each phase.volts 

68. Average amperes each phase.amp. 

69. Total electrical output corrected for winding 1, 2, or 3 phase.kva. 

70. Power factor.per cent 

71. Total output, in kilowatts.kw. 

72. Separate excitation.kw. 


' According to conditions the brake horsepower will be either Item 54 or Item 69, 


per cent 
per cent 


.r.p.m. 

ft. per min. 
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73. Net electric output, in kilowatts.kw. 

(а) Field voltage. volts 

(б) Field current.amp. 

Electric Economy and Efficiency Results 

74. Fuel consumed per net kilowatt-hour (Item 46 -f- Item 73) or (Item 

47 -5- Item 73).cu. ft. or lb. 

76. Heat consumed per net kilowatt-hour (Item 48 -r- Item 73).B.t.u. 

Table XXIII.— Data and Results of Internal-combustion Engine Test at 
Variable Torque and Speed 


General Information —Same as for Table 1 
Description^ Dimensions, Etc. 

7. Type of engine, carbureter or oil, single or double acting; if four cycle, the valve 

arrang(;ment, L, T, or I head; if two cycle, th(^ type of scavenging; if single 
acting, whether cross-head or trunk piston; if multicylinder, the cylinder and 
crank arrangement; and if radial cylinders, whether cylinders are fixed or rotate; 
whether gas or liquid fuel; and means of fuel utilization by class name, such as 
Di(!S(d or solid injection, for example. 

8. C^lass of service, aircraft, automobile, truck, tractor, railroad or marine, for gear, 

electric, or din'ct propeller drive, single direction or revcTsing. 

9. Auxiliaries, attached and independent, kind, maker’s name, capacity, etc. 

10. Rated horsepowcT and speed, if any, or speed at maximum torque, .hp.. .r.p.m. 


11. Maximum safe speed.r.p.m. 

12. Bore and stroke of power cylinders.in. or ft. 

13. Diamet(T of pistons and tail rods of power cylinders.in. 


Test No. 
1 2 


14. Brake horsepower. 

15. Speed. 

10. Total fuel. 

17. Duration of run... 

18. Fuel per hour. 

19. Fuel p<^r hour p('r brake 


.b.hp. 

.r.p.m. 

.lb. 

.hr. 

.lb. 

.lb. 

.B.t.u. per lb. 


horsi'power 

20. Heating value of fuel (high value).. 

21. Heat consumed per hour (Item 18 X Item 20).B.t.u. 

22. Heat consumed pcT hour, per brake horsepower (Item 

21 -i- Item 14).B.t.u. 

23. Brake thermal efficiency (2,545 -i- Item 22).percent 

24. Brake mean effective pressun^ (p. 417).lb. per sq. in. 

25. Torque at 1-foot radius equivalent to brake horsepower ft.-lb. 

26. (kxrve of revolutions per minute plotted horizontal—against 

vertical, as follows:. 

(a) Brake horsepower (Item 14).b.hp. 

(h) Fuel per hour (Item 18).lb. 

(c) Fuel per hour per brake horsepower (Item 19)... lb. 

(d) Brake thermal (efficiency (Item 23).per cent 

(e) Brake mcean effective pressure (Item 24) .lb. per sq. in. 


(/) Torque at 1-ft. radius (Item 25)... 


.ft.-lb. 


A.S.M.E. TEST CODE (1928) FOR GAS PRODUCERS (ABRIDGED) 


This Code for conducting tests of gas producers is intended primarily 
for tests of producers whose gas is to be used for power purposes but 
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also may be used for those generating gas for metallurgical and other 
heating purposes. The term ‘^fuel/’ as herein used, includes all possible 
fuels—coals, coke, charcoal, refuse, and oils. In testing a gas producer, 
tests of the auxiliary apparatus must be frequently included, as being 
essential parts of the gas-generating unit. If a complete test of the 
gas-producer plant is desired, separate records should be made of the 
amounts of fuel, water, manual and skilled labor, electric current, and 
of the power required to operate the producer and each of its auxiliaries, 
the cost of each of same, and the usual calculations should be made and 
the proper conclusions drawn. 

Operating Conditions. —The method of testing, the length of the 
test, and the operating conditions necessary to conform to the object of 
the test should then be determined. Care should be taken to see that 
these conditions are maintained throughout the test. With a suction 
producer, tests should be made for air leaks which should be stopped. 

The character of the fuel to be used should be determined. If an 
untried fuel is selected, a preliminary trial of the fuel in this apparatus 
should be made and the best method of using it ascertained. Whatever 
the fuel, it should be weighed and not measured. It should be sampled 
for dryness and due allowance made for the moisture used m producing 
gas during the test. 

In tests of maximum efficiency and capacity of a producer for com¬ 
parison with other producers, the fuel should be of the kind which is 
commercially regarded as a standard for such use in the locality where 
the test is made. Unless previously decided otherwise, the fuel selected 
for test of the gas producer should be the best of the class so selected, 
free from unusual slag-forming impurities, and of the proper and uniform 
size for its specific use. 

Duration of Test. Full-time and Complete Tests. —The duration 
of both efficiency and capacity full-time tests of a producer, with the 
exceptions noted below, should be such that the probable error in weigh¬ 
ing the coal does not exceed 2 per cent, or that the total consumption of 
fuel is at least twice the weight of the fuel contained in the producer 
when in normal operation, this weight being estimated in the case of coal 
at 45 pounds per cubic foot. In no case should the duration be less than 
24 hours after the producer has reached the desired and constant oper¬ 
ative temperatures and conditions, except by previous agreement. Tests 
to determine the clinkering tendencies of a fuel and the quality of the 
ashes will normally require five or more days in large producers. 

Intermittent Producers. —In cases which require the fuel bed to be 
entirely removed and rebuilt at regular intervals, and in producers 
where a complete cleaning and renewal occur before the total consump¬ 
tion above stipulated has been reached, the duration should be that of 
one or more of the regular commercial operating cycles, or the time 
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elapsing between a corresponding number of successive renewals of the 
fuel bed. The time of starting and stopping may^ be taken from either 
immediately after cleaning, or midway between two cleanings, care 
being taken in the latter case to see that the fuel bed is at the same level 
in stopping as in starting. 

Spot Tests. —Where the cost of making a full-time test is prohibitive, or where for 
any other reason it is not desired, or where a frequent check is desired on the capacity, 
efficiency, and character of the output of the gas producer at any time, a “spot test^^ 
may be made without elaborate preparation, with the use of equipments frequently 
found in such plants, and with the services of an analytical chemist, provided (a) the 
fuel used, such as anthracite, charcoal, coke, and oil, produces negligible amounts by 
weight of tar or other condensible carbon vapors; and (b) the gas cooling water is 
recirculated so that it remains saturated with the carbon dioxide and other gases 
being produced. 

For this piiipose there will be needed an appliance for continuously sampling the 
gas, say, for 1 hour or else for taking a series of spot samples; apparatus for analyzing 
and determining the composition of the gas produced; and either a continuous gas 
(^alorimet(ir or tlie ecpiivakint. The average heating value of the gas may be calcu¬ 
lated from the volumetric analysis of the gas under standard conditions by the use of 
appropriate values of the calorific power of the constituent gases. The average volu¬ 
metric analysis for the incliidcMl period is then convtTted into an analysis by weight, 
from which the total weight of carbon in 1 cubic foot of standard gas may be deter¬ 
mined as follows: If the sum of the proportions by volume of carbon monoxide, carbon 
dioxide, methane, and other carbon compounds containing one atom of carbon be 
multiplied by 0.03127, and if the sum of the proportions V)y volume of the C2H4, CsHe, 
and otlier carbon compounds containing two atoms of carbon be multiplied by 0.6298 
(nearly twice 0,03127), and the two products added together, the sum will be the weight 
of carbon in 1 cubic foot of the gas at 68'’F. and 29.92 (approximately 30 inches) of 
mercury at 32°F.^ = C5. The ultimate analysis and the calorific value of the coal 
as actually fired to the producer and an analysis for the carbon content of the dried 
ash will be necessary. 

Starting and Stopping.—The conditions regarding the temperature 
of the producer and its contents, and the quantity and quality of the 
latter, especially of the clinker, should be as nearly as possible the same 
throughout the test, and particularly so at the beginning and end of the 
trial. To secure the desired equality of conditions, the starting and 
stopping should occur at the conclusion of the times of regular cleanings, 
and they should be preceded for a period of not less than 8 hours by the 
same regular working conditions as are intended to characterize the 
test as a whole. Unless the condition of the fuel bed at the beginning 
and end of a test can be accurately determined, and possible differences 
in level allowed for, so that the error in determining the net weight 
of fuel used during the test shall not exceed 2 per cent, the tests should 
be abandoned as valueless. The operations of starting and stopping 
should be carried on as follows: 

^ The standard pressure of 29.92 inches of mercury at 32°F. is nearly the same as 
30.03 inches of mercury at 68°F. 
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Continuous Producers with Grate and No Ash Bed .—Remove the ash and clinkers 
from the grate and the lower part of the furnace space, taking care that the crust or 
closely united layer which supports the fuel above is not unduly disturbed. Then 
break open the crust and allow the mass to drop into the space left vacant. Introduce 
a poker rod through the poker holes in the upper head and stir up the fuel within, 
thereby causing it to settle and fill up the remaining spaces. As a final step, quickly 
replenish the producer with fuel to the working depth, which should be measured, 
fill the hopper level full, take the time, and consider this the starting time. Then 
clean the ashpit, and thereafter proceed with the regular work of the test, using weighed 
fuel. 

When the time arrives for bringing the trial to a close, the chianing operations 
described above should be repeated, ending with filling the hopper, taking the time, 
and considering this the stopping time; finally, the ashes and refuse should be removed 
from the ashpit, weighing and sampling being done as directed, and the producer 
replenished with fuel to the same working d(ipth as at the start. 

Continuous Producers with Supporting Ash Beds. —Reinov(i the ashes until the top 
of the ash bed is lowered to the normal working point. Introduc.e the pok('r rod and 
break down any bridge or crust that may have formed, at tlui same time closing up the 
channels that run through the fuel bed, thereby making the l)ed homogeneous. Then 
replenish the producer with fuel to the working de])lh, which should be measured, to 
the same working depth as at the start, fill the hopper level full, take the time, and 
consider this the starting time. Thereafter proceed with the regular work of the 
test, using weighed fuel. 

When the time approac^hes for ending the test, the operations above described are 
repeated, ending with n^plenishing the producer and filling the hopper with weighed 
fuel, taking the time, and considering this the stopping time. The ashes and refuse 
finally removed, unless already dry, are to be dried b(‘fore wt'ighing, if tti(‘y have been 
wetted after being removed; otherwise they should be W(ughed both wet and dry 
and the vrater accredited to the water used during the test, or a sample should be 
taken and the moisture, as determined th(*refrom, allowed for. 

Intermiiie.nl Producers .—Thoroughly clean the producer of its entire; contents. 
Introduce a weighed supply of fuel, start the fire, and build up the fuel bed to its work¬ 
ing condition, using weighed fuel. When this point is reached, take the time, and 
consider this the starting time. Thereafter proceed with the regular work of the test. 

When the time approaches for ending the test, burn the fuel bed as low as practi¬ 
cable to prepare for cleaning, note the time, and consider this the stopping time. 
Then completely empty the producer, quench the fire remaining in the; live coals, 
separate and weigh the cake and ash, and deduct the weight of the former from that 
of the fuel as (;harged. Finally, dry the ash and refuse or take a sample and allow for 
the moisture as determined therefrom. 

Some idea of the thicknt'ss of the ash-bed, incandescent-fuel, and green-fuel zones 
may be obtained by the simultaneous use of several rods made of J-inch pipes, having a 
stop pin 3 inches long inserted 2 feet from the upper and handled end, and long enough 
to extend down into the ashpit. These rods should be inserted vertically, through 
observation holes, or poke holes, in the top of the producer. The top level of the 
green-coal zone and the height of the fuel in the producer at each place will be shown 
by the distance that the rod is inserted below the observation hole when resting on the 
fuel. When forced down through the fuel and to the stop pin and left there for 2 or 
3 minutes, and until part of its length gets red hot, when withdrawn, the red-hot part 
will show the thickness and position of the incandescent or fire zone. The depth of the 
ash zone will be the distance from the lower line of visible heat in the rod to the grate 
blower hood, or bottom of the producer. The green-fuel zone will be the space above 
the incandescent zone. Its thickness will be the difference between the distance from 
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the top of the observation hole to the top of the fuel and to the incandescent zone. 
With tarry fuel, it may be indicated by the tarry deposit pn the rod. The gas zone 
may be noted by the sooty deposit on the upper end of the rod. The average results 
should be the ones reported. 

The depth of the fuel bed is measured by the distance from the lower line of visible 
heat in the rod to the top of the green fuel in the producer. 

The distance from the top of the producer to the surface of the fuel bed may be 
found by direct measurement with the poker rod, by noting by sense of touch when 
the end of the rod reaches the fuel. 

The product of the proportion of ash from the sample of coal as fired and the 
proportion of carbon to net ashes from the sample of ashes and refuse will be the pro¬ 
portion of coal in the carbon of the ashes and refuse and will be the weight of the 
carbon lost in the ashes per pound of coal as fired. The carbon lost in the ashes taken 
from the carbon in the coal as fired will give the weight of carbon passing over in the 
gas per pound of coal as fired. 

If Cl is the carbon in 1 pound of coal as fired, Cz is the carbon of 1 pound of the 
ashes and refuse from the producer, and A i is the ash in 1 pound of the coal, by analy- 

, C 2 , . C 2 

sis, then-^ is the carbon in 1 pound of the net ash, and A i X- - = Cs will be 

1 — (‘2 1 — C 2 

the carbon from 1 pound of coal lost in the ashes, and Ci — Cs = C 4 , the carbon 
gasifi(^d per 1 pound of coal. The cubic feet of gas made? per pound of coal will be the 
quotient olHained by dividing the carbon gasified per pound of coal by the weight of 
carbon in 1 cubic foot of the gas, or C 4 -i- Ch^ 

The cubic feet of gas per pound of coal multiplied by the B.t.u. per cubic foot of 
the gas will give the B.t.u. of output per pound of coal. The cold gas efficiency of gas 
making will be 


E — X B.t.u. p er cu bic foot of g{^ 

Cs X B.t.u. per pound of coal 

The desired output in B.t.u. per hour divided by the product of the efficiency and the 
B.t.u. per pound of coal will give the pounds of coal which will have to be fired per 
hour to generate the desired output. Weighing the coal input over any desired period 
at st(iady load will therefore permit the determination of the output capacity. 

Spot Tests with Tar-producing Fuels.—Spot tests may be made when bituminous 
coals are used, if the tar and soot per cubic foot of the outlet gas arc determined. 
With plants operating on tar-producing and soot-producing fuc'ls, the foregoing meth¬ 
ods will apply only where the cooling water is recirculnttni and the tar and soot are 
either gasifi(;d or separatcul and determined per foot of gas delivered. Where the tar 
is wasted, it must first bi* coll(H't(*d, weighed, sampled, and its weight compared with 
the weight of fu(d used during the same time, so as to determine the amount of tar lost 
per pound of coal gasified. If the tar and soot per cubic foot of gas are carefully 
determined, the spot-test method can be used with the uncleaned and hot gases from 
pressure producers. 

In case the water is not recirculated, there will be a considerable absorption of 
carbon dioxide by the cold water used in washing the gas. The carbon so lost can be 
determined either by comparing the carbon dioxide contents of the gas samples taken 
simultaneously before and after passing the coolers, or by metering the cooling water 
used and determining by analysis the amount of carbon carried away as carbon dioxide 
in the water. 

With the use of continuously recording gages, calorimeters, and weighing and 
sampling devices, it is possible with producers using anthracite coal or charcoal to 
make spot tests and determine the instantaneous capacity and economy. 
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Because of the simplicity of the equipment required, the decrease in the number of 
observations to be made, the decrease in the time consumed, and the ability to get 
quick results with fair accuracy and with no greater precaution than in the conven¬ 
tional heat-balance method, this method of testing a gas producer is commended. 

Short Tests. —If less complete and less expensive tests are desired than the full 
time tests in Table XXIV (page 430), they may be made by determining the following 
items: the weight of the dry fuel gasified (115), the ultimate analysis of the fuel 
(85 to (90), the proximate analysis (80) to (84), the calorific values of the fuel and gas 
(107) to (111), the temperature and humidity of the air (64) and (51), the pressure, 
humidity, and temperature of the steam used (42), (52), and (79), the analysis of the 
refuse (91) to (95), the temperature of the gas leaving the producer (65), the analysis 
of the gas made including the amounts of tar and moisture (96) to (106), (129), (138) 
and (130). 

It will not be necessary in these tests to meter the steam used or the gas made. 
The volume of gas made is determined by knowing the amount of carbon gasified per 
hour and the average amount of carbon in 1 cubic foot of gas as it leaves the producer, 
including the carbon in the tar and soot. The amount of water vapor coining from all 
sources must equal the water equivalent to the hydrogen, both free and combined, 
in the gas, tar, and water going into the gas main from thc^ producer. If the amount 
of hydrogen coming from the fuel and the amount coming from the moisture in the 
air are known, the remainder will equal the hydrogen entering the producer as steam 
from the boiler, and as vapor from the ashpit, water seal, and elsewhtjre. From these 
data the gas and tar produced per ton of coal and the total lu^at in the gas, both sen¬ 
sible and potential, and the thermal efficiency can be calculated. 

Analyses and Calorific Tests of Fuels. —The quality of the gas should be deter¬ 
mined by calorimetric test or chemical analysis or both. Continuous samples for the 
purpose should be taken from the delivery pipe at a point near the producer and at 
other points as may be needed. The calorimetric test should be made with a Junkers 
type of calorimeter (page 239). For an approximate determination of the composition 
of the clean gas, the Orsat apparatus (page 272) may be used, and for a complete deter¬ 
mination the Hempel apparatus (page 276) or its equivalent. The fretpiency with 
which these determinations should be made depends on the uniformity of the 
output. 

Measuring the Steam. —The steam used may be measured by weighing the water 
before it is evaporated, provided there are no leaks or other uses made of the steam 
so generated, or by a suitable steam meter, or by the use of the Napier formula 
(page 195). 

Total Volume of Gas Delivered. —The volume of gas delivered should be calculated 
from the chemical analyses of the fuel and gas. It may be measured by the Pitot 
meter' (page 184) or by tin* orificemeter (page 190) and will be determined by multi¬ 
plying the effective area of the delivery pipe in square f(x't at the tube by the average 
velocity of the gas in feet per minute over that area, and the product by the duration 
of the trial in minutes. 

The equivalent volume of the gas at standard atmospheric pressure of 29.92 
inches of mercury (at 32°F.) and the standard temperature of 68°F. is obtained by 
multiplying the measured volume by the absolute pressure of the gas in pounds per 
square inch (gage pressure plus the equivalent baromiitric pressure) and by the con- 

' Care must be taken to keep the Pitot tubes and orifice free from accumulations 
of soot and tarry matter by intermittently blowing or cleaning the tubes, preferably 
with steam hot enough to melt off the tar, or by the use of jets of steam at high tem¬ 
perature placed one or more diameters ahead of the orifice and impinging on the 
orifice diaphragm. 
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stant 36.89 i ' 4 t O/* dividing the product by the absolute temperature of the 

gas [temperature by thermometer plus 460°F. (more accurately 459.6®F.l. Barometer 
corrections are given on page 4. 

The gas as it leaves the scrubber is saturated with water vapor at the pressure due 
to its temperature, and this pressure is to be deducted from the absolute pressure, as 
observed, to obtain the net pressure of dry gas. The volume of dry gas in that case is 
obtained by the following formula: 


F = 



X 


627.6 
t +460' 


in which V = equivalent volume of dry gas at 68 °F. and 29.92 inches of mercury at 
32°F. leaving scrubber. 

Ve — observed volume of gas leaving the scrubber. 

P = absolute pressure at the point where the volume is measured. 

Pu> ~ pressure of saturated water vapor at temperature t. 

Pa — standard atmospheric pressure (29.92 inches of mercury or approxi¬ 
mately 30 indies) at 32°F., equivalent to 14.70 pounds per square inch. 
t = observcid teunperature of gas leaving scrubber degrees Fahrenheit. 
P and Pu) ar(i to be taken in the same units as Fo. 

The weight of dry gas deliv(‘rcd by a gas producer can be obtained by calculation 
from the analyses of the find and of the dry gas and from the net weight of the 
carbon gasified, by the following method. 

The weight of dry gas per pound of net carbon gasified TF (1 pound less than the 
sum of the weights of the carbon in the tar and soot delivend in the raw gas, and the 
carbon in the ashes per pound of carbon in the fuel) is given by the equation below. 

IICX), + <S 02 + 7(CO + Ns + CAi,) + 4CiU + O. 6 H 2 
■ 3 ((X )'2 + (’O + CTl 4 + 202114) 

in which carbon dioxide, oxygen, carbon monoxide, hydrogen, methane, C 2 H 4 , and 
nitrogen are percentages by volume of the dry gas per pound of net carbon gasified. 
Multiplying the pound of tlry gas jier pound of net carbon gasified by the percentage of 
net carbon in the fuel (= pere.caitage of carbon in the fuel less the sum of the per¬ 
centages of carbon in the tar and soot delivered in the raw gas and the carbon in the 
ashes per pound of fuel) and dividing by 100 gives the weight of dry gas per pound of 
fuel burned. The volume; of gas per pound of fue;l is found by dividing this weight 
by the weight of 1 cubic, foot of the gas calculated from Table XXIITA (page 428). 

The weight of carbon per 100 cubic feet of gas at 68 °F. and 29.92 inches of mercury 
at 32°F. can be found directly from the analy.sis by multiplying the percentage of 
volume of each gas containing carbon by the pounds of carbon in 1 cubic foot of the 
gas as follows: 


(CO + CO 2 + CII 4 ) X 0.03127 
C 2 H 4 X 0.06284 
C 2 H 6 X 0.06313 

and adding the results together. The volume of clean gas delivered per pound of 
fuel may be found by subtracting the sum of the weights of carbon in the tar, soot and 
ashes, and refuse per pound of fuel from the weight of carbon in a pound of fuel, and 
dividing the remainder by the weight of carbon in a cubic foot of clean, dry gas, all 
at the same temperature and pressure. 

Net Volume of Dry Gas Delivered. —The net volume of dry gas delivered is found 
by subtracting from the total volume the volume of dry gas that would be required for 
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furnishing steam or power for any purposes concerned in the operation of the producer 
and its auxiliaries. 

Gross Weight of Dry Gas. —The weight of dry gas delivered is found by multiply¬ 
ing the volume in cubic feet reduced to 68 ®F. and 29.92 inches of mercury by the 
weight per cubic foot of dry gas, which is found by multiplying the percentage of each 
component gas as found by analysis by its weight in pounds per cubic foot at 68 ®F. and 
at 29.92 inches of mercury at 32°F. as given in the following table (calculated from 
Landolt and Bornstein’s figures at 32®F. and 29.92 inches) and dividing the sum of the 
products by 100 . 


Table XXIII A. — Weight of Gabes 
Pounds per Cubic Foot at Standard Conditions 


Hs. 

. 0.00522 

CH 4 . 

. 0.04169 

O 2 . 

. 0.08312 

C 2 H 4 . 

. 0.07331 

N,. 

. 0.07274 

C,H.. 

. 0.07891 

CO. 

. 0.07273 

SO 2 . 

. 0.17025 

C 02 . 

. 0.11499 

II 2 S. 

. 0.08846 


Calorific Value of Gas. —The calorific value of the dry gas per cubic foot is obtained 
by means of a Junkers type of calorimeter (page 239), but it may also be; obtaiiu'd from 
the analysis by multiplying the percentage of each combustible constituent gas by its 
heating value per cubic foot at 68 °F. and 29.92 inches of mtjrcury as given below; 

Calorific Value per Cubic Foot of Dry Gas 

CO. 318.8 CH 4 . 1,002 

H 2 . 320.2 C 2 II 4 . 1,595 

These figures are the product of the foregoing values of weight of gas per cubic foot 
by the heating value of 1 pound of gas, according to Thomson. 

Moisture in Gas. —The moisture in the gas leaving the producer is found by passing 
a measured sample of the gas from which all tarry vapors have beim removed through 
a heater so as to keep the temp(*raturc up to what the temperature of the gas was 
when it left the producer or not less than about 250®F. and tlKui through a chloride of 
calcium tube and weighing the amount of moisture absorbed. 

The moisture in the gas leaving the scrubber is best found by calculation, assuming 
that the gas is saturated with moisture. 

Percentage of Tar and Soot in Gas. —^The percentage of tar and soot is found by 
comparing the total weight determined, including that collected from the various 
tar drips, with the total weight of dry fuel used. 

Sensible Heats. —The sensible heat of the gas as delivered is the sum of the prod¬ 
ucts of the constituents of the gas delivered per pound of dry fuel by their respective^ 
volumetric specific heats and the total heat of the moisture content above 68 ®F. 
The sensible heat of coal, for example, is the product of its specific heat per pound 
(0.20 to 0.24 B.t.u.) by the temperature difference of the coal, or surrounding air 
above or below 68 °F. 

Efficiencies.—The efficiency is the ratio of the total heat carried by the gas (both 
the heat of combustion and the sensible heat above 68 ®F.) to the sum of the heats 
supplied in its production. This is the ‘‘hot-gas efficiency^' (page 429). In the case 
of hot and uncleaned gases, the total heat carried by the gas will include the heats of 
combustion of the constituent gases and of the carbonaceous and tarry vapors, liquids, 
and solids, their superheats above the temperature corresponding to their partial 
pressures, the latent heats of the constituent vapors including the water vapor, and 
their sensible heats above 68 °F. 
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When the producer is supplied with steam from an outside source, rather than from 
its own vaporizer, for the generation of gas, the total heat used to generate the steam 
so supplied should be added to the heat of the fuel supplied in the same length of time 
to determine the efficiency. 

The combustible is determined by subtracting from the weight of charged fuel 
the moisture in the coal and the weight of ash refuse and unburned fuel withdrawn 
from the producer or ashpit during or at the end of the test. The ‘^combustible” 
used for detcjrmining the calorific value is the weight of the fuel less the moisture and 
ash found by analysis. 

The “efficiency of conversion and cleaning” or “gross efficiency” in the foregoing 
calculation is found by using the total gross volume of dry gas delivered. The “effi¬ 
ciency of the plant” or “net efficiency” is found by using the net volume of dry gas 
delivered. By “net volume” is meant the gross volume less the actual gas used, 
or the e(}uivalent, to operate; the auxiliaries; that is, the net volume is the amount of 
gas available for sale or for us(;s outside of the producer plant. 

The cold-gas efficiency is the sum of the products of the constituent parts 
of the cold gas delivered per pound of dry fuel by their higher heating vahu;s divided 
by the sum of the heating value of a pound of the fuel used in the producer and the 
heating value of the fuel used to generate the steam supplied from an outside source 
per pound of the fu(;l used in the producer. 

The hot-gas efficiency is obtain(;d by adding to the potential heat of the cold 
coal gas as above stated the sensible heat of the gas as determined (page 428), and 
dividing by the sum of the higher heating value of a pound of the fuel and the heating 
value of the fuel usc'd to generate the steam supplied from an outside source per pound 
of the fuel used in the producer. 

IJril(;ss otherwise stat('d, the higher, or gross, heating (calorific) value should always 
be used. If tin; lower, or net, heating value is used, it should always be noted, so as 
not to cause confusion in results. 

The “cold-gas” and “hot-gas” efficiencies, both “gross” and “net,” should be 
determined for both the higher and the lower heating (calorific) values for the gas. 

Heat Balance. —The various quantities showing the distribution of heat in the 
heat balance given in the table (page 434) are computed in the following manner: 

The heating value of the dry gas is found by multiplying the cubic feet of gas at 
68°F. and 29.92 irudies of mercury at 32°F. that is generated per pound of dry fuel by 
the higher heating value of 1 cubic foot of gas at 68°F. and 29.92 inches of mercury 
at 32°F. 

The sensible heat in the dry gas is found by multiplying the weight of dry gas 
generated per pound of fuel by the mean specific heat of the gas and by its temperature 
measured above 68°F. 

The heat carried away by the scrubber is obtained by multiplying the weight of 
water fed to the scrubber by the number of degrees rise of temperature and dividing 
the product by the total weight of dry fuel consumed in the same time. 

The heat contained in the moisture leaving the producer is found by multiplying 
the total weight of dry gas per pound of dry fuel by the proportion of moisture in the 
gas and by the total heat of 1 pound of superheated steam at the temperature of the 
gas leaving the producer reckoned from 68®F. and at its partial pressure (page 247). 

The loss due to combustible matter in the ashes and refuse is found by multiplying 
the proportion that this combustible bears to the whole amount of dry fuel by 14,544 
B.t.u. The heating value of the combustible matter in the ashes and refuse should be 
determined by chemical analysis or by a calorimeter, as a check. 

In the case of those producers which are supplied with steam from a separately 
fired boiler rather than solely from the vaporizer of the producer from the sensible 
heats of the gases generated, cither the fuel used in operating the boiler per pound of 
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the fuel used in the producer or the total heat of the steam as delivered to producer, 
divided by a known, or assumed, efficiency of the boiler, should be included in the 
potential or available heat energy delivered to the producer, and should be used in 
calculating the efficiencies. 

Table XXIV.— Data and Results of Gas-producer Test 
General Information 

(1) Date of test; (2) location; (3) owner's name; (4) builder's name; (6) test con¬ 
ducted by; (6) object of tests. 

Description^ Dimensions^ Etc.y of Gas Producer 


7. Type of producer.:. 

8. Rated size, power, or capacity of producer. 

9. Duration of test.hr. 

10. Trade name, kind, and size of solid fuel. 

11. Trade name and kind of oil fuel. 

(а) Oil fuel, specific gravity at G8°r.° Bauin6, A.P.T.* 

(б) Oil fuel, specific gravity.referred to water 

(c) Oil fuel, weight per gallon at 68°F.lb. 

12. Outside diameter and height of producer.ft. 

13. Inside diameter at hearth.ft. 

14. Maximum inside diameter of lining of prodiKUir.ft. 

15. Minimum inside diameter of lining of producer.ft. 

16. Actual net diameter of the gasification zone.ft. 

17. Height from lowest level of grate to crown.ft. 

18. Height from lowest level of grate to center of ga^s outlet.ft. 

19. Vertical distance between highest and lowest, levels of im^lined grate.ft. 

20. Gross diameter of grate.ft. 

21. Corresponding projected area of grate.sq. ft. 

22. Gross diameter of central air inlet through grates.ft. 

23. Corresponding area of same.sq. ft. 

24. Gross area of grate, if inclined.sq. ft. 

25. Area of air spaces in grate.sq. ft. 

26. Ratio of air spaces in grate to net, or gross, grate area. . . . !. 

27. Diameter of steam-blast inlet.in. 

28. Corresponding area of same.sq. in. 

29. Type of blower used. 

30. Diameter of steam pipe to blast inlet, or blower.in. 

31. Diameter of gas outlet.in. 

32. Corresponding area of same.sq. in. 

33. Area of fuel bed at maximum diameter.sq. ft. 

34. Actual net area of fuel bed at gasification zone.sq. ft. 

35. Area of water heating surface in vaporizer or jacket.sq. ft. 


36. Method of poking producer. 

37. Method of rotating producer. 

38. Method of generating steam for producer. 

39. Method of cooling gas. 

40. Method of scrubbing and purifying gas. 

41. Method of supplying water for cooling and cleaning. 

*Baum6 scale, A.P.I., refers to the gravity scale adopted by the American 
Petroleum Institute (p. 522). 
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Test Data and ReauUa 

Pressures 

42. Steam pressure in boiler, or vaporizer, or of steam as delivered to 

producer, by gage.lb. per sq. in. 

43. Gas pressure, or suction, in main at point where gas is measured.. .in. of water 

44. Pressure, or suction, at top of producer.in. of water 

45. Pressure, or suction, beyond scrubber.in. of water 

46. Pressure, or suction, b(?yond purifier.in. of water 

47. Draft pressure, or suc.tion, in ash pit or in bottom of producer.in. of water 

48. Barometric pressure of atmosphere (as observed).in. of mercury at . .°F. 

49. Corresponding barometric pressure of atmosphere, in inches of mercury at 32°F. 

50. Corresi)onding barometric pressure of atmosphere, in inches of mercury at 68°F. 

Miscellaneous 

51. Relative humidity of air.per cent 

52. Humidity of st(‘am as delivered to the producer.per cent wet 

53. Average depth of fuel bed.in. 

54. Average deptli of ash bed.in. 

55. Number of cleanings. 

56. Av(irage hmgtli of chsanings.hr. 

57. Average intervals ))etween cleanings.hr. 

58. Average; intervals betweeai pokings.hr. 

59. Average length of pokings.min. 

60. Ashes, clinkers, or refuse, wet or dry.lb. 

Temperatures 

61. Temperature of fe(‘.d water entering vaporizer of producer.°F. 

62. Temperature of feed water entering outsule steam generator or waste heat 

boiler.°F. 

63. Temperature of air in room.°F. 

64. Temp(;rature of air (‘Titering producer.°F. 

65. Temperature of gas leaving produc(‘r.°F. 

66. Temperature of tar and soot as delivered.°F. 

67. Temperature of gas in main at point where gas is measured.°F. 

68. Temperatun; of gas entering scrubber.°F. 

69. Temperatun; of gas huiving scrubber.°F. 

70. Temperature of gas entering purifier.°F. 

71. Temperature of gas heaving purifier.°F. 

72. Temperalure of water entering scrubber.°F. 

73. Temperature of water leaving scrubber.°F. 

74. Temperature of water entering purifier.°F. 

75. Temperature of water leaving purifier.°F. 

76. Temperature of cooling water or seal water entering producer.°F. 

77. Temperature of cooling water leaving producer.°F. 

78. Temperature of ashes when being removed.°F. 

79. Temperature of 

(a) Steam delivered to producer.°F. 

(b) Air-steam mixture in ash pit or bottom of producer.°F. 

Proximate Analysis of Fuel Supplied to Producer 

80. Moisture.per cent 

81. Volatile matter and its nature.per cent 
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82. Fixed carbon.per cent 

83. Ash.per cent 

84. Sulphur, separately determined.per cent 


Ultimate Analysis of Fuel 

85. Carbon, C. 

86. Hydrogen, H 2 . 

87. Oxygen, O 2 . 

88. Nitrogen, N 2 . 

89. Sulphur, S. 

90. Ash. 



100 per cent 

As Fired 

Dry Fuel 

per cent.. 

.per cent 

. per cent. . 

.per cent 

. per cent. . 

.per cent 

. per cent. . 

.per cent 

. per cent. . 

.per cent 

. per cent. , 

.per cent 


100 per cent 


Analysis of Ashes and Refuse 

91. Carbon.per cent 

92. Inorganic earthy matter and iron.per cent 

93. Moisture.per cent 

94. Nature and texture of asluns. 

95. Fusing temperature of ashes.°F. 

Analysis of Dry Gas by Volume 

96. Carbon dioxide, CO 2 .per cent 

97. Carbon monoxide, CO.per cent 

98. Oxygen, O 2 .per cent 

99. Hydrogen, Ha.per cent 

100. Methane, or marsh gas, CH 4 .per cent 

101. Ethylene, or olefiant gas, C 2 H 4 .per cent 

102. Hydrogen sulphide, H 2 S.per cent 

103. Sulphur dioxide, SO 2 .per cent 

104. Ammonia, NH 3 .percent 

105. Nitrogen, N 2 (by differeiure).per cent 

106. Total combustible in dry gas.per cent 

Calorific (Heating) Valinas by Calorimeter 

107. Higher heating value of 1 lb. of fuel as fired.B.t.u. 

108. Higher calorific value of 1 lb. of dry fuel. B.t.u. 

109. Higher calorific value of 1 lb. of combustible by analysis.B.t.u. 


110. Higher calorific value of 1 cu. ft. of dry gas at 68°F. and 29.92 in. of mercuryB.t.u. 

111. Lower calorific value of 1 cu. ft. of dry gas at 68°F. and 29.92 in. of mercury. B.t.u. 


Total and Hourly Quantities and Rates 

Total Quantities 

112. Gross weight of fuel charged corrected for estimated differences in weights of 


fuel in producer at beginning and end of test.lb. 

113. Moisture in fuel gasified.per cent 

114. Weight of dry fuel charged into producer or net weight of dry fuel.lb. 

115. Dry fuel gasified: 

(а) Per sq. ft. of main fuel bed (use Item 34).lb. 

(б) Per hr.lb. 
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116. Gross weight of fuel as fired used by auxiliary boiler for supplying steam to 


producer and its blower.^.lb. 

117. Gross weight of fuel as fired used by auxiliary boiler for supplying steam to the 

pumps which supply water to producer, scrubber, and purifier.lb. 

118. Total gross weight of fuel as fired supplied to plant.lb. 

119. Total weight of dry fuel supplied to plant.lb. 

120. Weight of wet ashes and refuse: 

(tt) From producer.lb. 

(b) From auxiliary boilers.lb. 

(c) From plant.lb. 

121. Weiglit of dry ashes and refuse: 

(a) From producer.lb. 

(h) From auxiliary boilers.lb. 

(c) From plant.lb. 

122. Dry ashes and refuse to dry fuel: 

(a) From })roducer.per cent 

(b) From auxiliary boilers.per cent 

(c) From plant.per cent 

123. Weight of grrjss (joinbuslible charged: 

(a) Into producer.lb. 

(b) Into auxiliary boilers.lb. 

(c) Into plant.lb. 

124. Weight of unburnt carbon in 1 lb. of dry ashes and nduse: 

(a) From produc(;r.lb. 

(b) From auxiliary boilers.lb. 

(c) From plant.lb. 

125. Weight of net com])usti))le charged in producer: 

(a) Into pro(luc(‘r.lb. 

(b) Into auxiliary boilers.lb. 

(c) Into plant.lb. 

126. Volume of air entering producer at . .®F.cu. ft. 

127. Its relative humidity.per cent 

128. Weight of dry air entering producer.lb. 

129. Volume of gross gas delivered at .. . .°F. and .... in. water pressure (or 

suction).cu. ft. 

130. Specific gravity of dry gas. 

131. Weight of dry gas delivered at .... °F. and . . . . in. water pressure (or suction) lb. 

132. Moisture in gas halving producer, mixed with 1 lb. of dry gas.lb. 

133. Moisture in gas leaving scrubber, mixed with 1 lb. of dry gas.lb. 

134. Kquivalent volume of gross dry gas at temperature of 68°F. and pressure 

29.92 in. of nu^rcury (at 32°h\).cu. ft. 

135. Equivalent volume of gross dry gas at 6S°F and 29.92 in. of mercury (at 32°F.) 

(a) Per lb. of dry fuel.cu. ft. 

(b) Per lb. of net combustible.cu. ft. 

136. Equivalent volume of iK’t dry gas at 68°r. and 29.92 in. of mercury (at 32°F.) 

(a) Per pound of dry fuel.cu. ft. 

(b) Per pound of net combustible.cu. ft. 

137. Weight of tar and soot delivered.lb. 

138. Percentage of tar and soot in gas referred to dry fuel.per cent 

139. Residual tar and soot in clean dry gas.grains per cu. ft. 

140. Heat supplied to producer as steam 

(a) From vaporizer.B.t.u. 
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(h) From waste-heat boiler.B.t.u. 

(c) From separately fired boiler.B.t.u. 

141. Water supplied to ashpit and water seal for vaporization.lb. 

142. Water supplied to ashpit and water seal for cooling.lb. 

143. Water supplied to vaporizer of producer or to boiler supplying steam to pro¬ 

ducer .lb. 

144. Water supplied as moisture in fuel.lb. 

146. Water supplied as moisture in air.lb. 

146. Steam supplied to air blower and to producer.lb. 

147. Total water and steam supplied to producer for gasification.lb. 

148. Water supplied to producer and auxiliaries for cooling.lb. 

149. Water supplied to scrubber.lb. 

160. Water supplied to purifier.lb. 

161. Water supplied to auxiliary boiler to generate steam for steam pumps.lb. 

162. Water supplied to waste-heat boiler.lb. 

153. Water supplied for other auxiliaries.lb. 

164. Total weight of water supplied to producer and its auxiliaries.lb. 


Efficiencies 

155. Gross efficiency of producer, based on fuel as fired and steam supplied.per cent 

156. Net efficiency of producer, based on fuel as fired and stemm supplied.. .per cent 

157. Gross efficiency of producer, based on dry fuel and steam supplied.per cent 

158. Net efficiency of producer based on dry fuel and steam supplied.per cent 

169. Gross efficiency of producer, based on net combustible and steam 

supplied.per cent 

160. Net efficiency of producer, based on net combustible and steam supplied per cent 

I/ea( Balance Based on 1 Pound of Dry Fuel and the Products Therefrom 

161. Higher calorific (heating) value of 1 lb. of dry fuel. 

.B.t.u., = 100 per cent 

162. Higher calorific (heating) value of dry gas per pound of 


fuel.Iht.u., — ... percent 

163. Sensible heat in hot dry gas above 68°F.B.t.u., = ... per cent 

164. Total heat of moisture in gas above 68“F.B.t.u., = .. . per cent 

165. Heat removed by water of scrubber.B.t.u., = ... percent 

166. Heat removed by purifier. B.t.u., = ... percent 

167. Heat lost in residual tar and soot of dry gas.B.t.u., = . .. per cent 

168. Heat lost as unburnt fuel in ash.B.t.u., = . .. per cent 

169. Heat lost by radiation and otherwise unaccounted for. . .B.t.u., = . .. per cent 

170. Sensible heat of fuel above or below 68°F.B.t.u., = .. . per cent 

171. Sensible heat of air above or below 68°F.B.t.u., = .. . per cent 

172. Total heat above 68°F. in water and steam supplic'd.B.t.u., = ... per cent 

173. Sensible heat of ashes and refuse.B.t.u., = .. . per cent 

174. Heat lost to cooling water in producer and auxiliaries .... B.t.u., = .. . per cent 

175. Power required for supplying air, as by turboblower.hp. or kw. 

176. Water pumps.hp. or kw. 

177. Tar pumps.hp. or kw. 

178. Scrubbers.hp. or kw. 

179. Purifiers.hp. or kw. 

180. Poking fire.hp. or kw. 

181. Rotating producer.hp. or kw. 

182. Exhauster.hp. or kw. 

183. For charging producer.hp. or kw. 
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184. Total power required, mechanical or electrical.hp. or kw. 

When steam is supplied to producer from an outside source, the data and results 
should be modified accordingly. 

Manual Labor Supplied and the Cost Thereof 

During.hours 


185. Generating steam: 

(а) For producer and its blower. 

(б) For pumps. 

186. Charging producer. 

187. Poking fire. 

188. Rotating producer. 

189. Cleaning producer. 

190. Operating auxiliaries. 

191. Recovering unijurnt fuel. 

192. Other operations, such as removal of ashes. . 

193. Total labor supplied for operation of plant. . 

Gross and Net Costs, Exclusive of Overhead 


194. Fuel as fired at $... per ton. 

195. Fuel as fired at $. . . per gal. 

196. Water at $ . . . per 1,000 cu. ft. 

197. High pressure steam at. 

198. ICxhaust steam at. 

199. Electricity, a.c. or d.c. at. 

200. Total labor supplied. 

201. Total gross cost of labor, fuel, water, 

steam, and cairnuit used. 

202. Total gross cost of labor, fuel, water, 

steam, and current used per ton 

(2,000 lb.) or per gal. of fuel consumed.dollars 

Credits 

203. High pressure steam at. 

204. Low pressure steam at. 

205. Tar and soot at. 

206. Ammoniacal liquor (sp. gr. **.) 

at. 

207. Total credits. 
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208. Total net cost of labor, fuel, water, 

steam, and current used.. 

209. Total net cost of labor, fuel, water, 

steam, and current used per ton 

(2,000 lb.), or per gallon of fuel consumed.dollars 

Summary 

210. Total capacity of plant, in tons (2,000 lb.) or gallons of fuel consumed in 24 hr. 

211. Net heat output, in millions of B.t.u., delivered in 24 hr.B.t.u. 

212. Total net cost of generating same, exclusive of overhead charges.dollars 

Note. —Record the rates for No. 194, per ton of 2,000 pounds; for No. 195, per 


gallon; for No. 196, per 1,000 cubic feet; for No. 197, per 1,000 pounds;for No. 198, per 
1,000 pounds; for No. 199, per kilowatt-hour; for No. 203, per 1,000 pounds; for No. 
204, per 1,000 pounds; for No. 205, per 1,000 pounds; for No. 206, per 1,000 cubic feet. 







CHAPTER XVII 


TESTING OF VENTILATING FANS OR BLOWERS AND AIR 

COMPRESSORS 

Centrifugal fans are used almost exclusively when large volumes of 
air are to be handled at a comparatively small pressure. Such a fan 
consists essentially of a number of plates, either flat or curved, attached 
to radial arms springing from a central hub through which the driving 
shaft passes, as in the ‘^spider^’ type shown in Fig. 281, or the blades 
may be attached to a conical plate as in Fig. 282. Fans resembling either 
of these two designs are known commercially as the straight-blade type. 



Flu. 2S1.—Spidor-typo fan. Fig. 282.—Conical-plate- 

type fan. 


Disk or propeller fans are bf^st illustrated by the so-called electric’^ 
fans so commonly used in offices, shops, and dwellings. Fans of this 
type are usually of a very light construction with the vanes arranged 
as in a screw propeller for a ship. In many cases fans of this type are 
not provided with casings, so that it is more difficult to make velocity 
measurements than with other centrifugal fans. 

Multiblade or turbine fans have an impeller or fan wheel of the 
“squirrel-cage’’ type, as illustrated in Fig. 283. Fans of this type 
can be designed to give very high efficiencies, due primarily to two 
characteristic features adopted in these designs. By the use of very 
short blades a very large intake space for the suction is provided which 
is practically unobstructed, thus giving a very free “suction.” The 
other important feature of this fan is that the air leaves the blades at a 
higher velocity than that at which the tips of the blades are moving. 
The importance of this result is shown by a comparison of Figs. 284 and 
285. The former illustrates the type of blading in a multiblade or turbine 
fan and shows graphically by a velocity diagram, constructed like a 
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parallelogram of forces, the velocity of the tips of the blades Vb, the 
velocity of radial flow in the blades Vrj and the absolute velocity of 
the discharge Fa, which is the velocity of the air with respect to the 
stationary casing. It will be observed that, in Fig. 284, Va is nearly 



Fig. 283.—Turbine-type fan. 


60 per cent greater than the velocity of the tips Fa, while in Fig. 285, 
representing the corresponding velocities for a straight-blade type of fan, 
the absolute velocity of the discharge F« is considerably less than the 
speed of the tips of the blades. Increased velocity is accomplished in 
a type of fan like Fig. 284, not only by the curvature of the tips of the 



Fig. 284.- -Velocity diagram for a turbine Fio. 285.—Velocity diagram for a 

fan. straight-blade fan. 


blades but also to some extent by making the blades somewhat concave 
with the inner ends (toward the center) practically radial. By this 
method of designing, the outer edges of the blades have a smaller space 
between them than the inner edges. This has the effect of reducing 
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the area on the discharge side of the blades, and consequently the velocity 
of the air is increased. 

The work performed by a centrifugal type of fan is equal to the 
resistance times the velocity of flow. Since, however, the fan resist¬ 
ances are proportional to the square of the velocity,^ the work done is 
proportional to the cube of the velocity. 

Positive pressure blowers are used principally for blast furnaces 
and smelters where a higher pressure is needed than can be efficiently 
obtained with a centrifugal fan. A section showing the rotors and 
casing of one of these blowers is shown in Fig. 286. It is often called 



Fig. 286.—Typical positive pressure blower. 


Root^s blower. The efficiency of a blower of this type depends on the 
accuracy of the fitting of the two rotors A and By with respect both to 
each other and to the casing. For this reason, when new, the efficiency 
is high, but after being in service for several years the bearings and the 
surfaces of the rotors will become worn, so that there is considerable 
leakage and consequent loss of efficiency. 

Tests of ventilating fans or blowers are made frequently by a very 
simple method, that is, by determining the necessary data for calculating 
efficiency by measuring the work done by the fan “on the air'' in giving 
velocity, and the power required to drive the fan alone, excluding bearing 
friction. The fan is preferably operated by an electric motor, of which 
the efficiency can be readily determined by a Prony brake test. The 
power required to overcome the bearing friction of the shaft of the fan 
may well be first determined by measuring the power input^ (kilowatts) 
for a series of speeds when the keys fastening the fan to its shaft have 
been removed and the fan itself has been “blocked" in its casing or, 
still better, has been removed from the shaft. After the fan is attached 

^ See Professor Rateau^s articles in Rev. M6caniqii£y Vol. 1, pp. 629-837. 

* For normal operation “friction work” is, for machinery in general, proportional 
to the speed. 
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again to the shaft, the input to the motor and the work done by the fan 
*^on the air^' should be determined for various speeds. Then, obviously, 
the ratio of the work done by the fan divided by the power required to 
drive it after correction for the efficiency^ of the motor and bearing 
friction is the actual efficiency of the fan. In general terms this may 
be stated as follows: 

/ = input to motor to drive motor and shaft of fan in bearings, 
in kilowatts. 

i = input to motor to drive motor and fan, in kilowatts. 

e == efficiency of motor for motor input of i kilowatts and at speed 
of test. 

c' = efficiency of motor for motor input of / kilowatts and at speed 
of test. 

Then if in is the net work in horsepower to drive fan alone. 


ei — e'f 
1).746“ 


(93) 


If the fan to be tested is direct-connected to a steam engine, the test 
is usually made by measuring the indicated horsepower of the engine 
at the various speeds and also with the fan disconnected for no load. 
If it is possible to do so, the fan should be removed from the shaft for 
the no-load test to determine bearing friction. 

The work done by the fan “on the air'^ is most readily calculated 
by the same method used to calculate the efficiency of hydraulic pumps 
(see page 567), that is, by multiplying the number of pounds of air 
delivered per unit of time by the head in feet of air corresponding to the 
discharge pressure. This product is obviously in terms of work in foot¬ 
pounds per unit of time, and, dividing by 33,000, the corresponding 
horsepower is obtained. By using the following symbols, the same results 
may be expressed, however, by the product of “pressure times volume^' 
as follows: 

V = velocity of air, in feet per second. 

h = head, in feet of air necessary to produce a velocity of v feet per 
second, or 

= water pressure p, in inches observed with a manometer, produced 
by the velocity of the air times the ratio of 

Weigh t of a cubic foot of water 
Weight of a cubic foot of air^ 


^ Motor efficiency must be necessarily determined for the conditions of each test, 
that is, for the same kilowatts and speed as for each test. 

* Weight of air taken for calculation must be that corresponding to the total pres¬ 
sure in the discharge pipe, the temperature, and the humidity. For tables of weight of 
air see pp. 187 and 4^4, also “Calculating and Testing Ventilating Systems,” 
issued by U. S. Navy Department, Washington, D. C. 
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V - ^ 


2 (/,- 


p X 62.3 


‘'weight cubic foot air for test 
and Vm = velocity, in feet per minute, is (taking 2g = 64.3) 

weight cubic foot air for test 


V„ 


(94) 


(95) 


Now the velocity in feet per minute Vm, multiplied by the area of the 
section at which the velocity was observed, gives cubic feet C of air 
discharged per minute, and if P is the total pressure (static + velocity) 
(p. 185) in pounds per square foot, then we have for j the “air horse¬ 
power” or the work done by the fan ‘^on the air.” 


CP 

^ 33,000’ 

(96) 

and eflBciency of fan E is 


F - j - 
" in 33,000f„ 

(97) 


Velocity measurements are usually made with a Pitot tube, consisting 
essentially as shown in Figs. 187 and 191 (page 184) of two tubes with open¬ 
ings at the end, arranged so that one of them faces” in the direction of 
flow and the other extends in a radial direction. The former is sub¬ 
jected to the sum of the velocity and static pressures, while the latter 
receives only the static pressure. 

Anemometers (page 188) are also frequently used for velocity measure¬ 
ments of air, but they are not generally so reliable as good Pitot tubes. 
Since, however, the observations can be taken directly in feet per minute, 
these instruments are used for nearly all work where no great accuracy 
is expected. 

A psychrometric chart for determining relative humidity with a wet- 
and a dry-bulb thermometer (Fig. 288), or the sling psychrometer 
(Fig. 289) as prepared by Carrier, is given in Fig. 287.^ 

The horizontal scale of the chart gives dry-bulb temperatures, 
and the inclined lines wet-bulb temperatures. The relative humidity 
is read directly from the intersection of these constant temperature 
lines. For example, if the dry-bulb temperature is 78°F. and the wet- 
bulb temperature is 65°F., the relative humidity is 0.50. 

Relative humidity as read from Fig. 287 can be checked with the 
values given in Table XXIVA. 

A sling psychrometer is much more accurate than the stationary 
wet- and dry-bulb type. It should be revolved at about 150 revolutions 
per minute. 


* Moyer, James A., and R. U. Fittz, “Air Conditioning," p. 9, McGraw-Hill 
Book Company, Inc., New York. 
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An example showing the method of calculation for the work done 
by the fan ^‘on the air/’ may assist in making the method of calculation 
clearer. 

Table XXIVA. —Relative Humidity, Per Cent 


Difference between dry and wet thermometers, °F. 
bulb __ ____ 


temp., 

2 

4 

6 

8 

10 

12 

14 

16 

40 

83 

68 

52 

37 

23 

7 



50 

87 

74 

61 

49 

38 

27 

16 

5 

60 

89 

78 

68 

58 

48 

39 

30 

21 

70 

90 

81 

72 

64 

65 

48 

40 

33 

80 

91 

83 

75 

68 

61 

54 

47 

41 

90 

92 

85 

78 

71 

65 

58 

52 

47 


A series of Pitot tube measurements taken at 10 different places in 
the cross section of an air duct shows that the ‘^velocity” pressure was 
0.795 and the total pressure 1.09 inches of water. The observations of 
barometric pressure and temperatures by wet- and dry-bulb thermom- 


■ wmmm . — 1 ^ 4 — 

rmssm 


20 25 30 35 AO 45 50 55 60 65 70 75 60 65 90 95 iOO 105 

Dry Bulb T«mp«noi+ure, Oeg.F, 

Fia. 287.—Psychrometric chart of relative humidity. 

eters, together with the ^Hotal” pressure given above, served to deter¬ 
mine the density or the weight of a cubic foot of air at the conditions of 
the test. Barometric pressure was 39.40 inches of mercury and tem¬ 
peratures of wet- and dry-bulb thermometers were, respectively, 54 
and 71°F. According to the tables of the properties of air (see also 







TESTING OF VENTILATING FANS OR BLOWERS 


443 


page 187) this was 0.07449 pound per cubic foot. Velocity of the air 
Vm in feet per minute is, therefore, 


Vm = 1,096 


•Noi 


795 


07449 


= 3,625 feet per minute. 


The diameter of the pipe was 10 inches, of which 
the area is 0.545 square foot. Cubic feet air discharged 
per minute (C) are 3,625 X 0.545, or 1,978. The total 
pressure P is the ** total*’ pressure^ in pounds per square 

foot or ^-^^0.491 X 144, or 5.66. Work done by the 

fan ^^on the air^^ is, then. 



Fia. 288.—Wet- 
and dry-bulb ther¬ 
mometers. 


. 1,978 X 5.66 „ „. , 

= -^3:66^ = horsepower. 

Efficiency tests should be made with the fan 
operating under the discharge pressure for which 
it was designed or for which the guarantee was 
made, as the case may be. The efficiency of the 
fan may be considerably higher with a low dis¬ 
charge pressure than when connected up in a 
A'entilating system where the discharge pressure 
is comparatively high. 

Testing Ventilating Systems.—When tests are 
to be made of ventilating systems, precautions 
should be taken in the examination of all ducts 
and piping to see that they are clear of all lumber, 
rubbish, etc., and that the dampers are properly 
set. The tests consist usually in measuring in 
each system the ‘‘static'^ and the “totaE' pres¬ 
sures with a Pitot tube with all louvers open. 
These tests should be made with the fan running 
at high, low, and three or four intermediate 
speeds. All the results should be checked by 
plotting a curve with revolutions per minute for 
abscissas and cubic feet of air delivered per 
minute for ordinates. This curve should be 
approximately a straight line passing through the 
origin if all the louvers have remained open 
throughout the tests. On the same abscissas, curves of pressure for 
ordinates will also be of advantage in showing the consistency of observa- 



Fig. 


289. — Sling psy- 
chrometer. 


^ In this expression 13.6 is the specific gravity of mercury, 0.491 is a factor for 
changing inches of mercury at room temperature to pounds per square inch, and 144 is 
used to change pounds per square inch to pounds per square foot. 
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tions. The location selected for the testing slot to be used for inserting 
the Pitot tube in the mains should be as near as possible to the fan; pref¬ 
erably no branches, however small, should run off between the fan and 
the testing slots in the mains. Furthermore, the testing slots should not 
be near turns and bends and particularly no turns or elbows should be 
immediately ahead of a slot, that is, in the direction toward the fan. 
These testing slots should be covered when not in use. 

In the U. S. Navy Department the standard conditions adopted for 
testing ventilating fans and air-supply mains are a pressure of 5 pounds 
per square foot in the moving air at the discharge outlet from the fan and 
a velocity of 2,000 feet per minute. Air at the standard conditions is 
to be 70®F. and a relative humidity of 70 per cent. Under these standard 
conditions a cubic foot of air weighs 0.07488 pound. The pressure of 
5 pounds is equivalent to a pressure head of 67 feet of standard density 
air. A velocity of 2,000 feet per minute corresponds to a velocity head 
of 17.27 feet. Total head against which the air is delivered to the 
supply mains for the standard conditions is then 84.27 feet, making a 
very satisfactory combination of velocity and pressure head, approaching 
as it does the maximum possible delivery for this pressure head. 

Corrections for Losses of Total Head in Ducts.—There is always some 
loss of total head along a duct or pipe due to friction. As a result, there 
is a smaller delivery than that given for standard conditions. Using 
the following symbols: 

A/ = loss of head, in feet, due to friction. 

/ = coefficient of friction = 0.00008 in piping of good construction. 

I = length of duct, in feet. 

d = diameter of duct, in feet. 

Vtn = velocity of flow through duct, in feet per minute. 


ll,250,000d‘ 

If F„ = 2,000 then hf = 0.3556^- 

Loss of head in a square duct is usually about the same as for a round 
one; but for a duct of rectangular section of which the short side is b 
and the long side is nh, the formula above becomes, with I and Vm as 
before. 


^ _ 1 + n ,, 1 ^ 

^ n ^ b ^ 22,500,000* 


(99) 


With the help of these formulas when the size of the main ducts and 
the discharge in cubic feet per minute at each outlet are known, the head 
at each outlet as compared with the standard total of 84.27 feet can 
be calculated. As a ^^rough-and-ready'' rule it is often stated that for 
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a loss of 1 foot of head there is a loss of 0.6 per cent in delivery (cubic 
feet per minute). 

Fan Equations.—When applying the following fan equations to 
changing volume, pressure, and horsepower conditions, it is well to 
remember that, for all practical purposes in the range used, a fan whether 
disk or centrifugal may be considered a constant displacement medium; 
that is, against any given air resistance, for every revolution made, the 
fan moves the same quantity of air. Important fan equations are as 
follows, being intended, of course, for the same fan when operating 
against the same air resistance with assumed constant efficiency. 

If F], SPi, and IIPi represent cubic feet of air per minute, static 
pressure, and horsepower at known conditions; and F 2 , SP 21 and HP 2 
are these quantities at the desired conditions, then for centrifugal fans 
of different sizes but of exactly the same proportions, if D is the diameter 
of the fan wheel in inches, the follow'ing equations may be stated: 


F 2 

RPM2 


Vi 

tiPMi 


SP2 

/RPMiY 


SPi 

\RPMi) 


HP2 

(RPM^V 


HP\ 

\RPMi) 

(C) 

Vi 

Vi 

m 

(d) 

SP2 


(e) 

SPy 

(f.) 

HPi 

IIPi 

©y 

if) 


STANDARD TEST CODE FOR CENTRIFUGAL FANS 

Adopted by the National Association of Fan Manufacturers and the American 
Society of Heating and Veiitilating Engineers^ 1922 

Test Duct ,—All centrifugal fans shall be tested with a straight dis¬ 
charge duct of uniform area equal to the fan discharge, and not less than 
10 diameters in length. Readings shall be taken with a Pitot tube (see 
page 184) over a plane at right angles to the axis of the duct, with the 
impact end pointed upstream. These readings shall be taken three- 
quarters of the length of the test duct from the fan end. The outer 
end of the test duct shall be equipped with an adjustable device for 
symmetrically throttling the air. 

Number of Readings ,—In round ducts, not less than 20 readings 
shall be taken (not less than two traverses of 10 readings each along 
diameters at right angles to each other) at the centers of areas of five 
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equal-area concentric zones across the section of the duct. The dis¬ 
tances of these centers from the center of the duct in terms of the radius, 
r, are 0.316r, 0.548r, 0.707r, 0.837r and 0.949r. 

In rectangular ducts, the readings shall be taken in the center of 
equal areas over the cross section of the duct. The number of equal 
spaces shall not be less than 16 and need not be more than 64 in any 
case. When less than 64 readings are taken, the centers of these rec¬ 
tangular areas shall not be more than 6 inches apart. 

Angle of Transformation Piece. —The greatest angle between the axis 
of the test duct and any longitudinal element shall not exceed 7 degrees. 

Pressure-measuring Instruments. —The standard instruments for 
measuring pressures shall be the Pitot tube and the manometer. The 
Pitot tube shall have not less than four static orifices not exceeding 0.02 
inch diameter. No such orifice shall be located at less than eight tube 
diameters from the upstream end of the tube and an equal distance from 
the elbow. The manometers for measuring static pressure and velocity 
pressure are to be filled with a light liquid—kerosene, gasoline, or alcohol 
—and tested in position by comparison with a water-filled IJ-tube 
gage. This calibration shall be made with the rubber tubing attached, 
and the rubber tubing shall not be removed from the manometer after 
calibration. The manometer for measuring total pressure shall be 
vertical and water filled. All instruments shall be calibrated imme¬ 
diately before and after the test. 

Dynamometer. —The cradle dynamometer is recommended for all 
power measurements. Direct-connected motors carefully calibrated may 
be used. Where indirect drive is used, friction tests shall be made to 
determine losses for each of the conditions of the tests. 

Inlet or Outlet Obstructions. —Fan performances are based on unob¬ 
structed inlets and outlets except for the structural features of the fan 
involved in bearings and bearing supports. If a fan is provided with 
bearings, it shall be tested on its own shaft and in its own bearings and 
shall be run for several hours to wear it. 

Number of Determinations. —Eight or more determinations covering 
a range of performance from approximately free delivery to no delivery 
shall be made with approximately equal increments of capacity or 
discharge area. 

Observations and Calculations. —Simultaneous readings of total pres¬ 
sure, static pressure, velocity pressure, horsepower input, and speed 
shall be taken. Barometric pressure and wet- and dry-bulb temperatures 
shall be taken during each determination. Temperatures shall be 
taken both in the room and within the discharge duct as close as practi¬ 
cable to the point of traverse. 

Air readings shall be corrected to standard conditions (page 444) at 
the fan inlet, that is, 0.07488 pound per cubic foot. The pressures and 
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horsepower input vary directly as the weight of air at constant speed. 
The velocities corresponding to the velocity pressure readings shall be 
averaged to obtain the average velocity for each traverse. The 
velocity is determined from the velocity pressure by the formula 
V = 1096.2\/P/w feet per minute, where P is the velocity pressure in 
inches of water and w is the weight of the air in pounds per cubic 
foot. 

Capacity, static pressure, total pressure, and horsepower input 
shall be corrected to constant speed. For speed corrections, capacity 
varies directly as the speed, pressures as the square of the speed, and 
horsepower as the speed cubed for constant-discharge conditions. The 
total pressure and the static pressure shall also be corrected for duct 
friction, to give conditions at fan discharge, by adding the loss of head 
due to friction of test duct between the fan outlet and Pitot tube. This 
loss will be / == 0.0257LP/Z) for round ducts and / == 0.01285L(a + h) 
P/ab for rectangular ducts, where / = pressure loss in inches of water, 
P = average velocity pressure in inches of water, L = distance from fan 
outlet to Pitot tube, in feet, D == diameter of discharge duct, in feet, a and 
b = lengths of sides of duct, in feet. 

The results, as corrected for standard air conditions and constant 
speed, shall be plotted, using capacity as abscissas, and pressures and 
horsepowers as ordinates. Smooth curves are then drawn through these 
points giving pressure and horsepower characteristics. From these data 
the mechanical efficiency is calculated. The mechanical efficiency is 
then plotted against capacity. These curves form the basis from which 
fan performance tables and characteristic charts are computed. 

In calculating the performance of fans of the same design and similar 
proportions, but of other sizes and at other speeds, the following law 
applies: Up to and within pounds per square inch pressure difference, 
at the same peripheral speed and discharge condition the delivery varies 
as the square of the diameter of the wheel, or for different speeds the 
delivery varies as the cube of the diameter times the number of revolutions. 

Testing Exhaust Fans.—The capacity shall be determined as above. 
The inlet duct shall have an area equal to the fan inlet and six diameters 
in length. The total head is the difference between the average absolute 
total pressure in the discharge duct and the inlet duct with corrections 
as above for friction between the points of measurement and the fan. 
Readings in the inlet duct shall be taken at a place three-quarters of the 
inlet duct length from the entering end. 

Tolerances ,—A variation of 2^ per cent in the determinations of capac¬ 
ity, pressure, or horsepower will not be considered excessive. 

Tests of Disk and Propeller Fans.—Tests of these fans shall be made 
when the fans are exhausting from a chamber, and all air readings must be 
taken on the inlet side. The test set-up shall consist of an airtight cham- 
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ber of rectangular or drum form. The length of this chamber shall be 3d, 
the diameter or length of side 2|d, where d is the fan diameter. 

At the entrance side of the chamber shall be a duct that is 10 duct 
diameters in length; this length includes a transformation piece connect¬ 
ing to the chamber. The transformation piece shall be carried to the 
full dimensions of the end of the chamber and provided with an effective 
diffuser. 

The volumes handled shall be varied by restriction at the inlet end 
of the duct and free delivery conditions shall be procured by the use of an 



Fig. 290.—Crosby high-pressure indicator (ordnance type). 


auxiliary blower for obtaining zero or above static pressures in the cham¬ 
ber. The capacity of the fan shall be determined as for centrifugal fans. 
The static pressure shall be determined by a reading of an impact tube in 
the large chamber. 

Disk fans for blowing must have on the discharge side of the fan a 
collar of the same diameter as the fan opening and one diameter long. 

Mounting ,—Any obstruction to the flow of air that forms part of the 
unit shall be in its designed position. 

Testing Air Compressors.—The various types of machines for com¬ 
pressing air are usually operated either by a steam engine or by an 
electric motor. Power delivered to the compressors by the engine or 
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motor is therefore measured by one of the methods already outlined for 
ventilating fans. Air compressors, particularly of the reciprocating 
type, are designed, as a rule, for operation at considerably higher pressures 
than would be suitable for ventilating fans, and the volume delivered 
must usually be measured in a comparatively small pipe. Air at high 
pressure is generally measured by calculating the flow through an orifice 
in a receiver or one of the other methods described on pages 190 to 194. 

Foot-pounds of work ^^done on the air'' per second, and this product 
divided by the net power required to drive the compressor, is the 
mechanical efficiency (see also page 433). 

In an air compressor in which the air cylinder is direct-connected to 
the steam cylinder the net power required to drive the compressor is 
determined by finding the indicated horsepower of the air cylinder and 
adding the friction in the air cylinder, which in many cases can be 
assumed to be half the difference between the indicated honsepower as 
measured in the steam and air cylinders. For use on air compressors 
operating at high pressures special indicators are made. One of the best 
is made by the Crosby Steam Gage and Valve Co., Boston, Mass., and is 
illustrated in Fig. 290. It is similar in design to the gas-engine indicator 
illustrated in Fig. 279 (page 407), except that the piston in the lower 
cylinder of the indicator is very small, only A square inch in area. This 
indicator can therefore be readily used for pressures as high as 
10,000 pounds per square inch. 

A.S.M.E. TEST CODE (1926) FOR DISPLACEMENT COMPRESSORS AND 

BLOWERS (ABRIDGED) 

The Code for Displacement Compressors and Blowers is intended 
as a guide for testing reciprocating piston compressors and blowers, 
as well as rotary compressors and blowers of the positive displacement 
type. The tables for data and results apply to complete units, including 
compressor element and driving element, but the Code itself constitutes 
a set of rules for the test of the compressor element only. F'or the 
driving element the Codes for Steam Engines, Steam Turbines, Internal- 
combustion Engines, etc., depending on the method of drive, should be 
consulted and followed. 

Measurements.—The measurements to be made in any test of a 
compressor or blower have for their purpose the determination of the 
following essential quantities: 

(o) The quantity of air or gas compressed and delivered expressed in cubic feet in 
terms of gas or air under intake conditions of temperature and pressure; (6) the average 
intake and discharge pressures; (c) the power required to compress and deliver the 
measured amount of air or gas handled; {d) the amount of steam, electrical energy, or 
fuel, depending upon the method of drive, consumed by the driving element during 
the test. 
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In order to arrive at these quantities and as a means of interpreting 
them, the following measurements are necessary: 

(e) diameter and stroke of compressor cylinders, or equivalent dimensions for 
positive rotary blower; (/) diameter of piston rods; (g) number and dimensions of 
intercoolers and aftercoolers; (h) principal dimensions of driving element (see appro¬ 
priate code); (i) speed in revolutions per minute and total number of revolutions; 
(j) indicated horsepower in compressor and driving cylinders (steam engine, internal- 
combustion engine, etc.); (k) discharge pressure; (Z) intake pressure; (w) intercooler 
pressure; (n) barometric pressure; (o) temperature of air or gas before and after each 
stage; (p) temperature of cooling water at inlet and outlet of each jacket and cooler; 
(g) quantity of jacket and cooling water; (r) temperatures, pressures, etc., steam, gas, 
or oil as applied to driving element (see appropriate code). 

Instruments and apparatus necessary are: 

(a) Gaging tank and nozzle or orifice for measuring air or gas compressed; (b) 
tanks and platform scales of suitable capacity for measuring the quantity of condensed 
steam w'hen a steam engine constitutes the driving element or for measuring fuel oil 
when an oil engine constitutes the driving clement; (c) water meters or calibrated 
tanks, or tanks and platform scales for measuring jacket and intcTcoolor circulating 
water; (<Z) pressure gages, vacuum gages, water and mercury manometers, and ther¬ 
mometers; (c) barometer; (/) steam calorimeter (for steam-engine-driv(Ui compressor); 
(g) voltmeter, ammeter, wattmeter and power-factor meter for measuring (fiectrical 
input for motor-driven compressors; (k) revolution counter; (i) indicators; (J) a 
planimeter; (k) a dead-weight gag(i tester. 

The measurement of the quantity of air compressed shall be made by one of the 
following methods: (a) in the case of a compressor or blower—flow into the atmosphere 
through nozzle or orifice from a gaging tank on the discharge sid(^ of th(^ compressor or 
blower; (6) in the case of a vacuum pump—flow from atmosphere through a nozzle or 
orifice into a gaging tank on the intake side of the vacuum pump. 

Where the foregoing prescribed method is impracticable', as, for example, in the 
case of a compressor handling inflammable gas or gas which cannot bo wasted, one of 
the following instruments may he used. These alternatives are listed in order of 
preference: (c) nozzle or orifice in discharge line; (cZ) receiver tanks of known capacity 
into which the discharge from the compressor may be delivered to be used only for 
compressors working at a discharge pressure of 1,000 pounds per square inch or greater. 

If method (c) is used, the instrument should be applied in a pipe through which the 
gas is permitted to flow under a pressure considerably less than the compressor dis¬ 
charge pressure. The reduction in pressure can be brought about by throttling and 
will result in eliminating, or at least minimizing, the pulsations in flow induced by the 
compressor. 

The kind and size of gaging tank and nozzle or orifices selected will depend on the 
particular method chosen for measuring the quantity of air or gas compressed. When¬ 
ever possible, a low-pressure nozzle or orifice shall be used. A low-pressure nozzle is 
one through w'hich the drop in pressure is small, that is, one in which the upstream 
absolute pressure is less than twice the downstream absolute pressure. Its use for 
high- or moderate-pressure compressors involves throttling the gas before it is admitted 
to the gaging tank to such an extent that all, or nearly all, pulsation is eliminated. 
If a high-pressure nozzle is selected, that is, one through which the drop in pressure 
is relatively large (pi > 2 p 2 ), care should be exercised to select an orifice of a size suffi¬ 
cient to insure as much throttling between the discharge receiver and the gaging tank 
as possible. 
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The measurement of the intake and discharge pressures shall be by gage attached 
at the desired point, the fluctuations of which are reduced as far as may be by choking 
the gage cock. When extreme accuracy is desired or when the fluctuations are large, 
the average pressure may be found by working up pipe diagrams taken at or near the 
same point, thereby determining the mean pressure for the entire stroke. 

Dimensions. —The dimensions of the compressor cylinders should be determined 
by actually measuring the machine itself without reference to the drawings. If 
the cylinders are much worn, the average diameter should be taken, but proper record 
of the fact should be noted. 

The method for measuring clearance will depend upon the particular design of 
the compressor in question. In a reciprocating displacement compressor with valves 
of the automatic type, the most satisfactory method will be to calculate the clearance 
from the measured dimensions of the cylinder, its several ports, and passages. If 
detailed drawings are available, it will be found convenient to check each dimension 
of the parts involved by actual measurement and from this information compute the 
clearance volume. If mechanically operated valves are used, or if the construction 
of the valves of the automatic type is such as to permit blocking them in their closed 
position, the clearance may be obtained by the water-measurement method. This 
should only be attempted, however, when extreme accuracy is necessary or desirable. 

The area of the (H)mpressor (iyiinder jacket surface is that part of the cylinder wall 
or cylinder-head wall in contact with the water circulation and should be measured 
on the dry side of the metal. 

The intercooh'r and aftercool(*r surfa(^e should be measured on the dry side of the 
cooling surface. Surface in contact with the air to be cooled on the one side and 
atmospheric air on the other side should not be included as cooling surface. If a 
record of its amount is made, it should be listed as a separate item. 

Operating Conditions.—Tests to determine the performance under 
working conditions in which no attempt at uniformity is made are not 
advised, since the only available method of air measurement involves 
the determination of the rate of flow, and total quantities of gas or air 
must be computed from the observed rate. Unless all conditions of 
operation are kept uniform or nearly uniform, the results obtained will 
not be of any value. 

Starting and Stopping.—The compressor should be operated under 
test conditions for a considerable period before a record of its perform¬ 
ance is made. This period should be of sufficient duration to bring 
about a steady condition of pressure, temperature, and speed. 

Duration.—The duration of compressor tests will generally be 
governed by the requirements in so far as the driving element is con¬ 
cerned, and for direction as to the necessary period reference to the 
appropriate code governing the driving element should be made. In 
the case of a motor-driven unit accurate results can be obtained from very 
short tests, the controlling factor being the time required to record 
enough sets of observations to demonstrate the uniformity of running 
conditions during the test. The minimum duration of any compressor 
test must not be less than 1 hour. 

Instruments should be read and indicator cards taken from each end 
of each cylinder at least quarter hourly when the conditions are uniform, 
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and oftener when there is much variation. For short tests, readings and 
cards should be taken much more often. If there are wide fluctuations in 
readings, they should be shown by recording instruments. Each indica¬ 
tor card should be marked with the number, date, time, corrected scale of 
spring, and end of cylinder, and on one card of each set, the readings of the 
pressure gages should be recorded. The log should contain the readings 
of discharge, intercooler and intake gages and thermometers, revolution 
counter, speed indicator, gaging-tank pressures and temperatures, and 
all other instruments, and these readings should be obtained at practically 
the same time the indicator cards are taken. The areas, lengths, and 
mean effective pressures shown by the indicator cards should also be 
entered in the log. A set of specimen indicator diagrams should be 
carefully selected from the whole number taken, and these should be 
embodied in the record. The specimen cards selected should be such 
as to show the average conditions of pressure. 

Volume of Air or Gas Compressed.—The measurement of the amount 
of air or gas through a nozzle, orifice, or venturi tube results in a deter¬ 
mination expressed in pounds per unit of time. The results obtained 
must therefore be reduced to terms of volume at the temperature and 
pressure obtaining at the compressor or blower intake. For this purpose 
the required specific weight at intake conditions may be calculated from 
the following formula: 


Specific weight = 


V X 144 
RT 


in pounds per cubic foot, 


where 'p = absolute intake pressure, in pounds per square inch. 

T = absolute intake temperature, in degrees Fahrenheit. 

R = constant (= 53.3 for air). 

This assumes that the fluid compressed is ideal gas, an assumption quite 
satisfactory for air. The weight of air or gas per minute as shown by 
nozzle measurement divided by the specific weight at intake conditions is 
equal to the volume of free gas or air compressed per minute. 

When natural gas is compressed, the value for R is not nearly enough 
constant under all conditions to satisfy engineering requirements and 
a correction must be made, depending in amount on the ratio of com¬ 
pression and the nature of the gas. 

Correction for Moisture.—In the case of a compressor compressing moist air, if 
some of the moisture is condensed and removed during the process of intercooling and 
aftercooling, the weight of the air and water-vapor mixture which passes through the 
measuring nozzle will be less than that taken in by the compressor. In reducing the 
amount of air as shown by the nozzle measurements to terms of air at intake pressure 
and temperature, it will be necessary to correct for the water thus removed, and this 
correction can most readily be made by reducing the capacity to terms of air at intake 
total pressure, intake temperature, and discharge specific humidity. This correction 
may be made in either of two ways—(1) through the vapor pressure or (2) through 
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the vapor density. Both methods should be used in order to check results. This is 
advisable because in any case the correction will be smaU. 

Correction through Vapor Pressure. —Determine the pressure of saturated vapor 
corresponding to the dry-bulb temperature of the discharge air. Multiply this by 
the ratio of the absolute intake total pressure to the absolute discharge total pressure. 
The result will be the corrected intake vapor pressure. From the steam tables deter¬ 
mine the pressure of saturated vapor at intake temperature. Multiply this by the 
relative humidity of air at intake conditions. This will give the actual intake vapor 
pressure. Subtract this from the total intake pressure (barometric) to obtain the par¬ 
tial pressure (page 247) of air actually in the intake. Add the corrected intake vapor 
pressure to the partial pressure of air actually prevailing in the intake. This will give 
the corre(?ted intake total pressure. Substitute this pressure in the foregoing formula, 
and compute the specific weight. Divide this into the weight of dry air discharged 
to obtain the corre(;ted intake volume by the first method. 

Correction through Vapor Density. —Compute the volume of air compressed as 
din^cted above, using the intake total pressure. Determine the total weight of water 
drained from all coolers. Divfidc the water drained p(^r unit of time by the volume of 
intake air for the saiiu^ unit of time. This will give the water drained per cubic foot 
of intake air. J'>om psychrometric tables or charts (page 442), find the vapor density 
corresponding to the w(^t- and dry-bulb thermometer readings in the coiiipressor 
intake. From this density subtract the weight of water drained from the coolers per 
cubic foot of intak(‘ air to obtain the corn'cted intake vapor density. From steam 
tables determine the density of saturated vapor at intake temperature. Divide the 
corrected intake vapor density by the density of saturated vapor at intake tempera¬ 
ture. This will give the correctiMl relative humidity. From the steam tables deter¬ 
mine the pr(*ssure of saturated vapor at intake temperature. Multiply the pressure 
of saturat(^d vapor by the correct( mI relative humidity. This will give the corrected 
intake vapor pressure. Add tliis to the partial pressure of air actually prevailing in 
the intakes This will give the corrected intakes total pressure. Substitute this 
pressure in the foregoing formula and compute the specific weight. Divide this into 
the weight of dry air dischargcHl to obtain the corrected intake volume by the second 
method. 

It should be noted that the correction for moisture may properly be made only if 
moisture in the form of condensate is actually removed from the coolers. Care must 
be taken to make sure that the di.scharge temperature and pressure used in the com¬ 
putations are taken at or near the outlet of the cooler. If no aftercooler is installed, 
the discharge temperatun' and pressun^ at or near the outlet of the intercooler should 
be used in the calculation of the correction through vapor pressure, as outlined above. 
That is, the air is assumed to carry saturated vapor as it leaves the Iasi cooler from 
which water is actually drained, and the air conditions must be observed immediately 
at the exit of that cooler. 


Indicated Horsepower.—The indicated horsepower for each end of 
the cylinder is found by using the formula: 


i.hp. 


pmlan 

33,000' 


where pm = mean effective pressure, in pounds per square inch. 

I = length of the stroke, in feet. 

a = area in square inches of the piston less the area of the 
piston rod, if any. 

n = number of revolutions per minute. 



454 


POWER PLANT TESTING 


The total horsepower of the cylinder is the sum of the horsepower 
developed in the two ends. 

The air horsepower required to compress adiabatically the measured 
quantity of air at the average rate for a single stage or for any one stage 
of multistage compressors will be 


where Va = volume compressed, in cubic feet per minute; pa = absolute 
intake pressure, in pounds per square inch; pb = absolute discharge pres¬ 
sure, in pounds per square inch; k = ratio of specific heats (= 1.40 for 
air); N = number of stages in the compressor. 

For air the foregoing formula becomes 


hp. = 0.0153pa?^. 



For any particular cylinder in a multistage compressor substitute 
the absolute intake pressure at the cylinder in question for and 
absolute discharge pressure for the particular cylinder in question for pb 
in the foregoing formula. 

The minimum horsepower required to compress adiabatically the 
measured quantity of air at the average rate for a multistage compressor 
with perfect intercooling (identical intake temperature to each stage) 
will be 


hp. = 


lUkN 


- ■] 


33,000 (/c 

For air the foregoing formula becomes 


hp. = 0.0153iVp„2^„ 




The air horsepower required to compress isothermally the measured 
quantity of air at the average rate will be 


Gross Horsepower. —The gross horsepower is the indicated horsepower 
in the steam or power cylinders in the case of a steam or internal- 
combustion-engine-driven compressor, the electrical horsepower multi¬ 
plied by the motor efficiency in the case of a motor-driven compressor, 
and the brake horsepower delivered to the compressor shaft in the case 
of a belt-driven compressor. In the case of a compressor driven through 
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a belt or gear, the power absorbed by the belt or gear, must be taken into 
account. 

Electrical Horsepower. —The electrical horsepower of a motor is 
found by dividing the input at the terminals expressed in kilowatts by 
the constant 0.746. In the case of an alternating-current motor, the 
input determined, whether expressed in electrical horsepower or kilo¬ 
watts, should be the total input. When the power for excitation or 
ventilation is taken directly from the compressor shaft, the total input 
is that indicated at the alternating-current motor terminals; but if the 
motor efficiency as given does not account for the exciter and fan input 
and exciter loss, the total electrical horsepower used in calculating 
the gross horsepower is that indicated at the motor terminals less an 
equivalent power required to run the exciter. 

Volumetric Efficiency. —The volumetric efficiency is the ratio of the 
capacity of the compressor to displacement. The capacity is the actual 
amount of air or gas compressed and delivered, expressed in cubic feet 
per minute at intake temperature and pressure. 

Mechanical Efficiency. —The mechanical efficiency is the ratio of the 
air indicated horsepower to the indicated horsepower in the power 
cylinders in the case of a steam-driven or internal-combustion-engine- 
driven compressor, and to the brake horsepower delivered to the shaft 
in the case of a power-driven machine. 

Compression Efficiency. —The compression efficiency in a single-stage 
compressor is the ratio of the horsepower required to compress adiabat- 
ically all the air or gas delivered by the compressor to the horsepower 
developed in the compressor cylinder as shown by the indicator cards. 
The compression efficiency for any particular cylinder of a multistage 
compressor is the ratio of the horsepower required to compress adiabati- 
cally all the air or gas delivered by the compressor through the observed 
pressure range for the particular cylinder in question to the horsepower 
developed in the particular cylinder in question as shown by the indicator 
cards. The equivalent compression efficiency for all cylinders in a multi¬ 
stage compressor is the ratio of the minimum air horsepower required to 
compress adiabatically all the air or gas delivered by the compressor to the 
total horsepower developed in the compressor cylinders as shown by the 
indicator cards. 

Overall Efficiency. —The overall efficiency is the ratio of the isothermal 
horsepower to the gross horsepower. 

Table XXV. —Data and Results of Test on Power-driven Displacement Air 
Compressor—Compressing Element 

General Information 

(1) Date of test; (2) location; (3) owner; (4) builder; (5) test conducted by; (6) 
object of test. 
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Description^ Dimensions^ Etc., of Compressor^ 

7. Type of compressor (single stage or multistage, and kind of gas). 

8. Type of compressor valves. 

9. Method of driving compressor. 

10. Method of volume control. 

11. Rated discharge pressure.lb. per sq. in. 

12. Rated speed.r.p.m. 

13. Rated displacement.cu. ft. per min. 

14. Rated output expressed in volume (air or gas at intake pressure 

and temperature).cu. ft. per min. 

15. Type of intercoolers and aftercoolers. 




First 

Second 



Inter- 

Inter- 



cooler 

cooler 

16. Area of water-cooled surface, square feet... 





First 

Second 

Third 


Cylinder 

(Cylinder 

Cylinder 


17. Diameter of compressor cylinders, inches. 

18. Stroke of pistons, feet. 

19. Diameter of piston rods or tail rods, inches. 

20. Clearance in terms of piston displacement per cent 

(а) Clearance, head end. 

(б) Clearance, crank end. 

(c) Clearance, average. 

21. Air-cylinder ratio based on piston displace¬ 

ment: 

(а) First stage to second stage. 

(б) Second stage to third stage. 

(c) Total (first stage to final stage). 

22. Horsepower constant, air cylinder 

(а) Head end (stroke X net piston area 

33,000). 

(б) Crank end (stroke X net piston area -5- 

33,000). 

23. Area of compressor cylinder-jacketed 

surface.sq. ft. 

24. Length and cross-sectional artia, intake 

pipe.ft. 

26. Diameter of final discharge pipe.in. 

Test Data and Results 

40. Duration of test.hr. 


Average Pressures 

41. Barometer (as observed).in. of mercury 

(a) Corresponding absolute pressure....lb. per sq. in. 

42. Pressure by gage at intake near cylinder.lb. per sq. in. 

(a) Corresponding absolute pressure.lb. per sq. in. 


^ For description, dimensions, etc., of compressor driving element see Table XVI 
or XVII (pp. 468 and 459). 
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(6) Maximum pressure by indicator diagram.lb. per sq. in. 

(c) Minimum pressure by indicator diagram..lb. per sq. in. 

43. Pressure above atmosphere in discharge pipe near high-pressure 

cylinder by gage.lb. per sq. in. 

(a) Corresponding absolute pressure.lb. per sq. in. 

(b) Maximum pressure by indicator diagram.lb. per sq. in. 

(c) Minimum pressure by indicator diagram.lb. per sq. in. 

44. Pressure in first intercooler by gage.lb. per sq. in. 

45. Pressure in second intercooler by gage.lb. per sq. in. 

Average Temperatures 

50. Room temperature.°F. 

51. Temperature of air or gas near intake, dry-bulb.®F. 

52. Temperature of air or gas near intake, wet-bulb.®F. 

First Second Third 


Cylinder Cylinder Cylinder 

53. Temperature of air or gas in auction port, ®F. 

54. Temperature of air or gas in discharge port, °F. 

55. Temperaturt' of jacket cooling-water inlet, °F. 

56. Temperature of jacket cooiing-water outlet, 

°F. 

First Second 

Cooler Cooler 

57. Temperature of cooler circulating-water inlet, ®F. 

58. Temperature of cooler circulating-water outlet, ®F. 

59. Temperature of air or gas in gaging tank at upstr(*am 

side of orifice °F. 

Total Quantities 

65. Relative humidity of air or gas at intake of compressor (use Smithsonian 


Tables)*.per cent 

66. Air compressed and delivered to line.lb. 

67. Air or gas compressed and delivered to line ('xpress(‘d in cubic feet at 

intake pressure and temperature.cu. ft. 

First Second Third 

Cylinder C^ylinder (Cylinder 

68. Cooling water supplied jackets, pounds. 

First Second 

Cooler Cooler 

69. Cooling water supplied coolers, pounds. 

Unit Quantities 


76. Volume of air or gas at intake pressure and temperature compressed and 


delivered per minute [Item 67 -i- (60 X Item 40)].cu. ft. 

First Second Third 


Cylinder Cylinder Cylinder 

77. Cooling water supplied jackets, pounds or 
gallons per minute [Item 68 (60 X 

Item 40)1. 

* More recent data are given in the psychrometric charts page 442. This chart is 
from Moyer and Fittz, *^Air Conditioning,” McGraw-Hill Book Company, Inc., 
New York, 1933. 
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First Second Third 

Stage Stage Stage 


78. Cooling water supplied intercoolers, pounds or 
gallons per minute [Item 69 -r (60 X 

Item 40)]. 

Speed 

82. Total number of revolutions as shown by compressor counter. 

83. Revolutions per minute [Item 82 -r- (60 X Item 40)].r.p.m. 

84. Average piston speed.ft. per min. 

Power 

85. Indicated horsepower of compressor cylinders, whole compressor.i.hp. 

86. Low-pressure compressor cylinder, horsepower: 

Crank end.i.hp. 

Head end.i.hp. 

87. Intermediate-pressure compressor cylinder, horsepower: 

Crank end.i.hp. 

Head end. i.hp. 

88. High-pressure compressor cylinder, horsepower: 

Crank end.i.hp. 

Head end.i.hp. 

89. Friction horsepower [Item 100 (Table XVI, p. 459) or Item 90 (Table XVII, 

p. 460)—Item 85].i.hp. 


Power Imput 

See Tables XVI and XVII. 


Economy Results 

101. Gross horsepower per 100 cu. ft. of air or gas delivered per minute at intake 

pressure and temperature (p. 454).hp. 

102. Indicated horsepower in compressor cylinder per 100 cm. ft. of air or gas 

delivered per minute at intake pressure and Itunperature (Item 85 -r 
Item 76).hp. 

Efficiency Results 

108. Horsepower required to compress adiabatically measured quantity of air 

or gas at average speed of compressor during t(\st (p. 454).hp. 

109. Minimum horsepower required to compress adiabatically rm^asured quantity 

of air or gas at average speed of compressor during test (p. 454 ).hp. 

110. Horsepower required to compress i.sothermally mtiasured quantity of air or 

gas at average spe(‘d of compressor during test.hp. 

111. Volumetric efficiency (p. 455).per cent 

112. Compression efficiency (Item 108 Item 86, 87, or 88).per cent 

113. Equivalent compression efficiency all cylinders (Item 109 Item 85). .per cent 

114. Mechanical efficiency.per cent 

115. Overall efficiency (Item 110 -r gross hp.).per cent 


Table XXVI.— Additional Items Applying Only When the Driving Element 

Is AN Electric Motor 

Description^ Dimensionsj Etc., of Compressor Drive 

26. Type of motor. 

27. Rated power of motor. 
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28. Volts. 

29. Amperes. 

30. Phase. 

31. Cycles. 

32. Revolutions per minute... 

33. Type and rating of exciter 

(a) Volts. 

(5) Amperes. 


Power Input 

90. Volts. 

91. Amperes per phase. 

92. Power factor (from meter).. 

93. Exciter output: 

(a) Volts. 

(h) Amperes. 


94. Efficiency of exciter (from builder’s test including belt if any).per cent 

95. Horsepower input to motor by wattmeter.hp. 

96. Efficiency of motor (from builder’s test).hp. 

97. Net motor horsepower.hp. 

98. Horsepower output for exciter.hp. 

99. Net horsepower to drive' exciter.hp. 

100. Horsepower to drive compressor or blower.hp. 

103. Electrical horsej>ower per 100 cu. ft. of air or gas delivered per minute at 

intake pressure and tcmpc'rature (p. 455).hp. 


Table XXVII. —Additional Items Applying Only When the Duivino Element 

Is A 8team Engine 

Description, Dimensions, Etc., of Compressor Drive 

26. Type of engine (simple or multiple expansion). 

27. Type of steam valvc's. 

28. Auxiliaries (steam or ek'ctric drive). 

29. Type and make of condenser equipment. 

30. Rated capacity of condenser equipment . 

31. Type of air pump, jacket pump, and reheater pump (direct or independently 

driven). 

32. Type of governing apparatus. 

33. Diameter of st('am cylinders, inches. 

34. Stroke of pistons, feet. 

35. Clearance in terms of piston displacement, per c('nt: 

(а) Clearance, crank end. 

(б) Clearance, head end. 

36. Horsepower constant, steam cylinder: 

(a) Head end. 

(5) Crank end. 

37. Area of steam-cylinder jacketed surface, square feet. 

38. Area of interior surface, square feet. 

39. Steam-cylinder ratio. 

46. Pressure above atmosphere in steam pipe near throttle, by gage.. .lb. per sq. in. 

(a) Corresponding absolute pressure.lb. per sq. in. 

(5) Maximum pressure above atmosphere, steam-pipe diagram 

near throttle.lb. per sq. in. 
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(c) Minimum pressure above atmosphere, steam-pipe diagram 


near throttle.lb. per sq. in. 

47. Pressure in steam receiver by gage, pound per square inch. 

48. Pressure in exhaust pipe near engine by mercury column, in in. of mercury.... 

(a) Corresponding absolute pressure.lb. per sq. in. 

49. Pressure in jackets and reheater.lb. per sq. in. 

60. Temperature of steam near throttle.°F. 

61. Temperature of saturated steam near throttle.°F. 

62. Temperature of steam leaving steam receiver, if superheated.°F. 

63. Temperature of steam in exhaust pipe as obsc^rved.°F. 

64. Temperature of saturated steam in exhaust pipe corresponding to pressure 

in exhaust pipe.°F. 

70. Superheat, at throttle.°F. 

71. Moisture in steam.per cent 

72. Total steam and water consumed by engine as measured.lb. 

73. Total steam less water consumed.lb. 

74. Correction factor conforming to conditions agreed upon.lb. 

75. Equivalent total steam consumed, conforming to conditions.lb. 

76. Steam and water (or superheated steam) consumt'd, per hour as measured .... lb. 

80. Steam less water (or superheated steam) consumed, per hour.lb. 

81. Equivalent steam conforming to conditions consumed, per hour.lb. 

Power Input 

90. Steam cylinder—indicated horsepower developed, whole engiiu*.i.hp. 

91. High-pressure steam cylinder, crank end.i.hp. 

head end.i.hp. 

92. Low-pressure steam cylind(‘r, crank end.i.hp. 

head end.i.hp. 

104. Steam less water (or superheated steam) consumed per indicaU'd horse¬ 

power (Item 80 -i- Item IK)).lb. 

105. Equivalent steam consumed p(*r indicated horsepower (Item 81 ^ Item 90). .lb. 

106. Steam less water (or superheated steam) consum(*d per 100 cu. ft. of air or 

gas compressed at intake pressure and temperatun^ (100 X Item 73 
Item 67).lb. 

107. Equivalent steam consumed per 100 cu. ft. of air or gas compressed at intake 

pressure and temperature (100 X Item 75 Item 67).lb. 

Note.—A dditional items applying only when the driving dement is an internal 


combustion engine are given in A.S.M.E. Power T(‘st (^ode for Displacement Com¬ 
pressors and Blowers (Table 4), pp. 14 and 15. 





























CHAPTER XVIII 


TESTING OF REFRIGERATION PLANTS 

Refrigerating machines present a most interesting example of the 
conversion of heat energy. In the simplest forms these machines consist 
of a compressor driven by a steam engine, or other motive power, serving 
to compress a gas or vapor as the case may be. This gas or vapor is then 
passed under pressure through a surface condenser, where the cooling 
water absorbs the heat generated in the work of compression and then 
passes into an expanding vessel into which it discharges at a very low 
temperature. Now in order to vaporize any liquid, it is necessary to 
maintain a continual application of heat in order to bring about this 
physical change. To convert a unit weight of liquid to a unit weight 
of vapor at the same pressure, the heat required is always a constant 
quantity for the same liquid. Thus, as a familiar example, to convert a 
pound of water at atmospheric’^ pressure and 212°F. into steam at the 
same pressure and temperature requires the application of 970 B.t.u.; 
and, conversely, to condense a pound of steam at this same pressure 
and temperature, it is necessary to abstract 970 B.t.u. by contact with 
a cold body. Steam as the working medium in a refrigerating machine 
would be commercially impracticable, because the lowest temperature 
resulting from actual condensation in a workable plant would be very 
much above the freezing point of waterbut there are a number of 
liquids which have a very much lower boiling point than water. Of these 
ammonia, NH3, carbon dioxide, CO2, and sulphur dioxide, SO 2 , are 
successfully used for purposes of refrigeration. The use of all these 
depends on the absorption of their latent heat in their conversion from 
a vapor or gas to the liquid condition. In practice the refrigerants most 
commonly used are anhydrous ammonia and sulphur dioxide, although 
carbon dioxide is also frequently employed. The latter is preferred 
usually where ammonia gas might be dangerous or otherwise objectionable. 

In the simplest form of refrigerating plant the necessary machinery 
consists of (1) a compressor to raise the gas to the necessary pressure; 
(2) a surface condenser to absorb by means of cooling water the heat 
generated by the mechanical work of compression; and (3) an expanding 
or evaporating vessel where the liquid is reevaporated into a gas and, of 

^ A vacuum system of refrigeration using water as the cooling medium is explained 
in Moyer and Fittz, Refrigeration/' 2d ed., p. 32, McGraw-Hill Book Company, 
Inc., 1932. 
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course, absorbs heat in the operation.^ A very simple refrigerating 
machine is shown in Fig. 291. It consists of the compressor C discharg¬ 
ing gas under pressure through the pipe P into the condensing coil D, 
consisting in this simple apparatus of a coil of pipe in a tank through 
which the cooling water circulates. An expansion valve V serves for 
reducing the pressure and evaporating the liquid coming from D. The 
expanding vessel or evaporator E consists of a coil of pipe immersed in a 
tank containing the liquid to be cooled. Drops of liquid accumulate 



V 

Fig. 291. - Typical refrigerating apparatus. 


in the bottom coils of the condenser D, to be discharged through the 
expansion valve V into the evaporator E, Since the compressor receives 
its supply of gas from the evaporator, the pressure in the latter must be 
less than in the condenser. On this account, then, the liquid after 
expanding will begin to boil and will absorb heat from the surrounding 
liquid in its transformation into a gas. In such a process the tempera¬ 
ture of the cooling liquid may become very low. The refrigerating 
liquid in the evaporator will be entirely gasified or vaporized and returns 
finally to the compressor C in this state through the suction pipe S, 
thus completing the cycle of operations. 

Anhydrous ammonia is most commonly used in large refrigerating 
plants. It is preferable to many other fluids because of its compara¬ 
tively high latent heat and low pressure of vaporization. 

A typical commercial refrigerating plant for making ice and operating 
with a horizontal ammonia compressor is shown in Fig. 292. The 
same descriptive letters used in Fig. 291 serve again for marking the 
important parts. 

The efficiency of a refrigerating machine depends upon the difference 
between the extremes of temperature, but, unlike heat engines, it has the 

^ Modern refrigerating equipment is explained in detail in Moyer and Fittz, 
^‘Refrigeration,” 2d ed., McGraw-Hill Book Company, Inc., New York, 1932. 
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greatest efficiency when the range of temperatures is small and when the 
final temperature is high. 

When a change of volume of a saturated vapor is made under constant 
pressure in the presence of an excess of the liquid, the temperature 
remains constant. In this case the addition or absorption of heat to 
produce the change of volume causes an increase or decrease in the 
amount of the liquid mixed with the vapor. Vapors, even when satu¬ 
rated, if no longer in contact with their liquids, having heat added either 


Sactlon Pipe 8 



COMPLETE ICE MAKING PLANT 

Fig. 292.—Refrigerating xilaiit with ammonia compressor. 


by compression (by mechanical force) or from an external source of 
heat, will behave practically like permanent gases and will become 
superheated. On this account refrigerating machines using liquefiable 
gas will give results differing according to the conditions of operation, 
depending primarily upon the state of the gas, that is, whether it remains 
constantly saturated or is superheated during a part of the cycle. Some 
ammonia plants are operated with an excess of liquid present during 
compression so that superheating is prevented. This is known in practice 
as the ^^wef' or “cold” system of compression. 


Table XXVIII.— Density and Specific Heat of Ammonia 

At temperature, . 15 20 30 40 50 60 70 

Density, lb. per eu. ft. 0.1524 0.1692 0.2073 0.2518 0.3036 0.3635 0.4325 

Specific heat of liquid. 1.078 1 072 1.060 1.048 1.036 1.024 1.012 


Table XXVIII gives values of the density of saturated ammonia 
vapor and the specific heat of liquid ammonia. 

Tables XXIX and XXX include the important data of the properties 
of saturated and superheated ammonia. 

More complete tables of the properties of both saturated and super¬ 
heated ammonia, prepared by the U. S. Bureau of Standards, are given in 
“Refrigeration” by Moyer and Fittz, 2d ed., pages 492 to 512. 
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Table XXIX.— Properties of Saturated Ammonia 
(Condensed from tables prepared by U. S. Bureau of Standards) 


Pressure 

(abs.), 

Temper¬ 

ature, 

Specific 

volume, 

Heat content or enthalpy, 
B.t.u. per lb. 

Entropy 

lb. per 
sq. in. 

cu. ft. 
per lb. 

Liquid 

Vapor 

(total) 

Evapo¬ 

ration 

Liquid 

Evapo¬ 

ration 

Vapor 

(total) 

V 

t 

Vg 

h, 

K 

hfo 

«/ 


Sg 

10.0 

- 41.34 

25.81 

- 1.4 

597.1 

598.5 

-0.0034 

1.4310 

1,4276 

20.0 

- 16.64 

13.50 

25.0 

606.2 

581.2 

0.0578 

1.3122 

1.3700 

30 

- 0.57 

9.236 

42,3 

611.6 

569.3 

0.0962 

1.2402 

1.3364 

40 

11.66 

7.047 

55.6 

615.4 

559.8 

0.1246 

1.1879 i 

1.3125 

50 

21.67 

5.710 

66.5 

618.2 

551.7 

0.1475 

1.1464 

1.2939 

60 

30.21 

4.805 

75.9 

620.5 

544.6 

0.1668 

1.1119 

1.2787 

70 

37.70 

4.151 

84.2 

622.4 

538.2 

0.1835 

1.0823 

1.2658 

80 

44.40 

3.655 

91.7 

624.0 

532.3 

0.1982 

1.0563 

1.2545 

90 

50.47 

3.266 

98.4 

625.3 

526.9 

0.2115 

1.0330 

1.2445 

100 

56.05 

2.952 

104.7 

626.5 

521.8 

0.2237 

1.0119 

1.2356 

110 

61.21 

2.693 

110.5 

627.5 

517.0 

0.2348 

0.9927 

1.2275 

120 

66.02 

2.476 

116.0 

628.4 

512.4 

0.2452 

0.9749 

1.2201 

130 

70.53 

2.291 

121.1 

629.2 

508.1 

0.254S 

0.9584 

1.2132 

140 

74.79 

2.132 

126.0 

629.9 

503.9 

0.2638 

0.9430 

1.2068 

150 

78.81 

1.994 

130.6 

630.5 

499.9 

0.2724 

0.9285 

1.2009 

160 

82.64 

1.872 

1 135.0 

631.1 

496.1 

0.2804 

0.9148 

1.1952 

170 

86.29 

1.764 

139.3 

631.6 

492.3 

0.2881 

0.9019 

1.1900 

180 

89.78 

1.667 

143.3 

632.0 

488.7 

0.2954 

0.8896 

1.1850 

190 

93.13 

1.581 

147.2 

632.4 

485.2 

0.3024 

0.8778 

1.1802 

200 

96.34 

1.502 

150.9 

632.7 

481.8 

0.3090 

0.8666 

1.1756 

225 

103.87 

1.336 

159.7 

633.3 

473.6 

0.3246 

0.8405 

1.1651 

250 

110.80 

1.202 

168.0 

633.8 

465.8 

0.3388 

0.8167 

1.1555 

275 

117.22 

1.091 

175.6 

634.0 

458.4 

0.3519 

0.7947 

1.1466 

300 

123.21 

0,999 

182.9 

634.0 

451.1 

0.3642 

0.7741 

1.1383 


Leakages of ammonia gas are very objectionable and may be dan¬ 
gerous. A small leak may be found by burning a little sulphur at the 
end of a stick of wood about 15 inches long. A white vapor will be 
observed at the leak. 

A.S.M.E. TEST CODE (1926) FOR REFRIGERATING SYSTEMS (ABRIDGED) 

The Test Code for Refrigerating Systems is intended for use in the 
determination of the performance of compression systems in which 
compressors of the reciprocating type are used as well as absorption 
machines. In so far as the fundamental operations of all the systems 
are in common, general rules will be laid down, and where the systems 
differ separate rules will be given. For the test of the driving element 
in compression systems, the A.S.M.E. Power Test Codes for Steam 
Engines, Steam Turbines, Internal-combustion Engines, etc., should be 
followed. 
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Table XXX.— Properties of Superheated Ammonia 
(Condensed from tables prepared by U. S. Bureau of Standards) 

V =* specific volume, in cubic feet per pound; hg == heat content or enthalpy, in 
B.t.u. per pound; S = total entropy. 


Pressure 
(abs.), 
lb. per 
sq. in. 

iv) 

Temper¬ 
ature of 
satu¬ 
rated 
vapor, 
'’F. 

(0 

Superheat, degrees Fahrenheit 

20 

40 

60 

80 

100 

150 

200 

250 

300 

20 

—16.6 V 

14.78 

15.45 

16.12 

16.78 

17.43 

19.05 

20.66 




K 

626.4 

637.0 

647.5 

658.0 

668.5 

694.7 

721.2 




s 

1.4138 

1.4356 

1.4562 

1.4760 

1.4950 

1.5399 

1.5817 



30 

~ 0.6 V 

9.731 

10.20 

10.65 

11.10 

11.55 

12.65 

13.73 

14.81 



ho 

623.5 

634.6 

645.5 

656.2 

666.9 

693.5 

720.3 

747.5 



s 

1.3618 

1.3845 

1.4059 

1.4261 

1.4456 

1.4911 

1.5334 

1.5727 


40 

11.7 V 

7.203 

7.568 

7.922 

8.268 

8.609 

9.444 

10.27 

11.08 



ih 

620.4 

632.1 

643.4 

654.4 

665.3 

692.3 

719.4 

746.8 




1.3231 

1.3470 

1.3692 

1.3900 

1.4098 

1.4561 

1.4987 

1.5382 


50 

21 7 V 


5.988 

6.280 

6.564 

6.843 

7.521 

8.185 

8.840 

9.489 


hg 


029.5 

641 .2 

652.6 

663.7 

691.1 

718.5 

746.1 

774.0 


S 


1.3169 

1.3399 

1.3613 

1.3816 

1.4286 

1.4716 

1.5118 

1.5500 

60 

30.2 


4.933 

5.184 

5.428 

5.665 

6.239 

6.798 

7.348 

7.892 


hg 


626.8 

639.0 

650.7 

662.1 

689.9 

717.5 

745.3 

773.3 


S 


1.2913 

1.3152 

1.3373 

1.3581 

1.4058 

1.4493 

1.4897 

1.5281 

70 

37.7 t; 


4.177 

4.401 

1 

4.615; 

4.822 

5.323 

5.807 

6.282 

6.750 


hg 


623.9 

636.6 

648.7 

660.4 

688.7 

716.6 

744.5 

772.7 


s 


1.2688 

1.2937 

1.3166 

1.3378 

1.3863 

1.4302 

1.4710 

1.6095 

80 

44.4 t; 


. 1 

3.812 

4.005 

4.190 

4.635 

5.063 

5.481 

5.894 


hg 



634.3 

646.7 

658.7 

687.5 

715.6 

743.7 

772.1 


S 



1.2745 

1.2981 

1.3199 

1.3692 

1.4136 

1.4547 

1.4933 

90 

50.5 V 



3.353 

3.529 

3.698 

4.100 

4.484 

4.859 

5.288 


hg 



631.8 

644.7 

657.0 

686.3 

714.7 

743.0 

771.5 


S 



1.2571 

1.2814 

1.3038 

1.3539 

1.3988 

1.4401 

1.4789 

100 

56.1 V 



2.985 

3.149 

3.304 

3.672 

4.021 

4.361 

4.695 


hg 



629,3 

642.6 

655.2 

685.0 

713.7 

742.2 

770.8 


S 



1.2409 

1.2661 

1.2891 

1.3401 

1.3854 

1.4271 

1.4660 

110 

61.2 V 




2.837 

2.981 

3.321 

3.642 

3.954 

4.259 


hg 




640.5 

653.4 

683.7 

712.8 

741.5 

770.2 


S 




1.2519 

1.2755 

1.3274 

1.3732 

1.4151 

1.4543 
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Table XXX.— Properties of Superheated Ammonia {Continued) 


Pressure 
(abs.), 
lb. per 

Temper¬ 
ature of 
satu¬ 
rated 

Superheat, degrees Fahrenheit 

sq. in. 

V apoi f 











°F. 












20 

40 

60 

1 80 

100 

150 

200 

250 

300 

(p) 

(0 




i 






120 

66.0 v 




2.576 

2.712 

3.029 

3.326 

3 . 614 ' 

3.895 


ho 




638.3 

651.6 

682.5 

711.8 

740.7 

769.6 


S 




1.2386 

1.2628 

1.3157 

1.3620 

1.4042 

1.4435 

130 

70.5 V 




2.355 

2.484 

2.781 

3.059 

3.326 

3.587 


hg 




636.0 

649.7 

681.2 

710.9 

739.9 

769.0 


S 




1.2260 

1.2509 

1.3048 

1.3516 

1.3941 

1.4336 

140 

74.8 V 




2.166 

2.288 

2.569 

2.830 

3.080 

3.323 






633.8 

647.8 

679.9 

709.9 

739.2 

768.3 


S 


. 

I 


1.2140 

1.2396 

1.2945 

1.3418 

1.3846 

1.4243 

150 

78.8 V 





2.118 

2.385 

2.631 

i 

2.866 

3.095 


hg 


1 



645.9 

678.6 

708.9 

738.4 

767.7 


S 





1.2289 

1.2849 

1.3327 

1.3758 

1.4157 

160 

82.6 V 





1.969 

2.224 

2.457 

2.679 

2.895 


hg 





643.9 

677.2 

707 9 

737.6 

767.1 


S 





1.2186 

1.2757 

1.3240 

1.3675 

1.4076 

180 

89.8 V 


1 

i 



1.720 

1.955 

2.167 

2.367 

2.561 


hg 





639.9 

674.5i 

705.9 

736.1 

765.8 


S 


.1 



1.1992 

1.2586 

1.3081 

1.3521 

1.3926 

200 

96.3 V 





1.520 

1.740 

1.935 

2.118 

2.295 


hg 


. 



635.6 

671.8 

703.9 

734.5 

764.5 


S 





1.1809 

1.2429 

1.2935 

1.3382 

1.3791 

220 

102.4 V 






1.564 

1.745 

1.914 

2.076 


hg 


1 




669.0 

701.9 

732.9 

763.2 


s 


. 

1 




1.2281 

1.2801 

1.3255 

1 3668 

240 

108.1 V 






1.416 

1.587 

1 .745 

1.895 


hg 


1 




666.1 

699.8 

731.3 

762.0 


S 






1.2145 

1.2677 

1.3137 

1.3554 


Measurements. —The principal measurements and quantities deter¬ 
mined in a test are: 

(a) The quantity of the refrigerant circulated; (6) the various temperatures of the 
refrigerant in the cycle; (c) the various pressures of the refrigerant in the cycle; (d) 
the energy required to operate the driving element and the various auxiliary appara- 
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•tus; (e) the various temperatures of condensing and cooling water; (f) the quantity of 
condensing and cooling water; (g) quantity, quality, and pressure of steam used in the 
steam cylinder or generator; (h) quantity of oil passing through the compressor; (t) 
quantity, composition of, and density of brine used; (j) temperature of brine entering 
and leaving the evaporator; (k) quality of liquor in absorption plants. 

Instruments and apparatus necessary in carrying out the test are: 

(o) Suitable meter for measuring liquid refrigerant on the high- or intermediate- 
pressure side where same passes to the expansion coils of the brine cooler or elsewhere; 

(b) platform scales and suitable tanks for measuring water and condensed steam; 

(c) water meters, calibrated tanks, or tank and platform scale for measuring con¬ 

densing and cooling water; (d) pressure gages and vacuum manometers including a 
suitable U-tube or mercury column to be connected at the low-pressure suction of the 
compressor. It is recommended that this be used in all cases rather than a pressure 
or vacuum gage for suction pressures under 20 pounds’ gage; (e) calibrated thermom¬ 
eters and thermometer mercury wells of sufficient lengths to extend beyond the centers 
of the pipes. Thermometers us(id for taking temperatures of brine shall be graduated 
in A°I^^ and readings (estimated for (/) barorruiter and psychrometer when 

necessary; (g) revolution counter or other accurate speed-measuring device; (h) gradu¬ 
ated stroke indicator for direct-acting pumps; (i) calibrated hydrometer for specific 
gravity of brine; 0) caloriim'ter for determining the quality of the steam; (k) steam 
and ammonia indicators; (1) planimeter; (rn) dead-weight gage tester; (n) appropriate 
instruments for measuring current consumption (power) of electric motor-driven 
machines. 

The thermometer wells should be of steel for ammonia lines and of 
bronze for brine lines and should extend into the pipe a sufficient 
distance so that the bulb of the thermometer will extend at least to the 
center of the pipe. These wells should be filled with mercury to the 
point indicated on the stem of the thermometer. Insulation on the cold 
lines should extend even to the top of the well, and the thermometers 
pass through corks fitted to the wells and bored to accommodate the 
thermometers. The thermometer well must be placed at least 10 feet 
away from brine coolers or pumps so that the solution has uniform tem¬ 
perature where the readings are taken. Electric-resistance thermom¬ 
eters or thermocouples may be used in taking temperatures of brine 
as a check on mercury thermometers. In testing a plant where the load is 
light, a brine heater or a heater using waste condensing water flowing over 
the evaporating coils should be used. 

For ammonia a special steel indicator must be provided which has 
steel indicator cocks with short separate connections to the ends. The 
indicator should be provided with a stop so that a light spring may be 
used for studying suction conditions. 

In the compression system it is required under the Code that nothing 
but liquid shall enter the expansion valve and nothing but vapor shall 
enter the refrigerating machine. 

In ammonia absorption systems the anhydrous ammonia should 
not contain over 3 per cent moisture. Samples should be drawn before 
and immediately after the test and determinations of moisture made. 
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Starting and Stopping. —The plant should be operated a sufficient 
length of time prior to the starting of the test to insure uniformity of 
conditions and, when these conditions are obtained, the test should be 
started and continued. It is essential to the accuracy of the test that 
all parts of the plant contain the same amount of heat in the refrigerant 
(estimated above some datum) at the end as at the beginning of the test. 
To accomplish this, all vessels containing liquid refrigerant should be 
supplied with suitable gage glasses so that the same quantity of fluid 
may be distributed alike at the beginning and end of the test and the 
quantities and temperature of the fluids in the various parts maintained 
as uniform as possible. 

Duration of Tests. —Each run shall be continued over a period of time 
not less than t hours, t to be calculated from the following formula: 

tWa = ^Wh, 

where Wa = approximate weight of anhydrous refrigerant circulated, in 
pounds per hour. 

Wb = total weight of anhydrous refrigerant contained in the 
system, in pounds. 

Fifteen-minute readings will be sufficient except where there is 
considerable fluctuation in the readings, in which case more frequent 
readings must be taken to insure good averages. 

Each indicator card should be marked with the date, time of day, 
cylinder and end of cylinder, identification mark, and strength of indi¬ 
cator spring, as pointed out in the Tost Code for Reciprocating Steam 
Engines (page 355). To assist in the uniformity of operation a chart 
should be plotted during the test of the principal quantities, including the 
estimated tonnage. 

The data and results should be tabulated in accordance with the 
form shown in the following tables, adding items not provided for and 
omitting items not needed to conform to the object in view. Unless 
otherwise indicated, the items refer to the numerical readings which are 
recorded in the log. 

Calculation of Results. —The now generally adopted recommendations 
of the Joint Committee of the A.S.M.E. and the American Society of 
Refrigerating Engineers on Standard Tonnage Basis for Refrigeration 
are as follows: 

a. A standard ton of refrigeration is 288,000 B.t.u. 

h. The standard commercial ton of refrigeration is at the rate of 200 B.t.u. per 
minute or 12,000 B.t.u. per hour. 

c. The standard rating of a refrigerating machine^ using liquefiable vapor is the 
number of standard commercial tons of refrigeration it performs under adopted refrig¬ 
erant pressures. 

* A refrigerating machine is the compressor cylinder of the compression refriger¬ 
ating system or the absorber, liquor pump, and generator of the absorption refrig¬ 
erating system. 
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There shall be 9®F. (5®C.) subcooling of the liquid refrigerant enter¬ 
ing the expansion valve and 9®F. (5®C.) superheating of the vapor enter¬ 
ing the refrigerating machine, the points at which the subcooling and the 
superheating are determined to be within 10 feet of the expansion valve 
and refrigerating machine, respectively. 

The inlet pressure is that which corresponds to a saturation tempera¬ 
ture of 5°F. (~15®C.). 

The outlet pressure is that which corresponds to a saturation tempera¬ 
ture of 86°F. (SO'^C.). 

These pressures are measured outside and within 10 feet of the 
refrigerating machine, distances which are measured along the inlet 
and outlet pipes, respectively. 

The capacity of the system shall be expressed in tons of refrigeration 
per 24 hours as calculated from the weight of liquid refrigerant and the 
amount of available cooling effect produced in the evaporator. This 
method shall be employed in the case of all refrigerants where the physical 
properties have been determined and where tables of such properties 
are recognized as sufficiently accurate. An ammonia chart is given 
in the Appendix.^ 

The weight of refrigerant circulated shall be determined by a suitable 
liquid meter. As an alternate method the weight of liquid refrigerant 
shall be calculated from the volume as obtained from a pair of calibrated 
receivers or by direct weighing. 

The amount of available refrigerating effect shall be the weight of 
refrigerant circulated per hour multiplied by the difference in heat content 
on entering and leaving the evaporator. Where there is more than one 
evaporator in which different pressures exist, the weight of refrigerant 
to each evaporator and the total heat from the vapor must be determined 
separately and the total refrigerating effect may then be computed by 
the following formula: 

a {hge hgx)j 


where Qe ~ total refrigerating effect per hour. 

Wa = weight of anhydrous refrigerant circulated, in pounds per 
hour. 

hgr. = tot al heat in the vapor leaving the evaporator. 
hgx = total heat in the liquid at the expansion valve. 

The refrigeration effect (R.E.) expressed in standard commercial 
tons of refrigeration is 


R.E, 


Qe 

12,000 


' Properties of a large number of refrigerants are given in Moyer and Fittz, ** Refrig¬ 
eration,** 2d ed., pp. 73 to 105 and 492 to 612. 
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Theoretical Horsepower Reqtiired to Compress Adiabatically. —The 

work done in the cylinder of the compressor per pound of refrigerant 
circulated expressed in thermal units may be found by referring to either 
the Mollier chart or the tables adopted and published by the American 
Society of Refrigerating Engineers. 

The theoretical horsepower hpt is 

(h,i - h,2) XWaX 778 
33,000 X 60 

where hgi = heat content of vapor after adiabatic compression. 
hg 2 = heat content of vapor at compressor inlet. 

Wa = weight of refrigerant circulated, in pounds per hour. 

Indicated Horsepower. —The indicated horsepower for each end 
of the cylinder is found by using the formula: 

. PmLAN 

i.hp. - , 

where pm = mean effective pressure, in pounds per square inch. 

L = length of the stroke, in feet. 

A = area, in square inches, of the piston less the area of the piston 
rod, if any. 

N = number of revolutions per minute. 

The total horsepower of the cylinder is the sum of the horsepower 
developed in the two ends. 

Mechanical Efficiency. —Mechanical efficiency is the ratio of the 
indicated horsepower in the compressor cylinders to the indicated 
horsepower in the power cylinders in the case of a steam-driven or 
internal-combustion-driven compressor, and to the brake horsepower 
delivered to the shaft in the case of a motor-driven machine. 

Compression Efficiency. —Compression efficiency of a single-cylinder 
compressor is the ratio of horsepower required to compress adiabatically 
all the vapor delivered by the compressor to the horsepower developed 
within the compressor cylinder as shown by the indicator cards. 

Mean Effective Pressure. —The mean effective pressure should 
be found by dividing the area of the indicator diagram in square inches 
as determined with a planimeter by the length of the diagram in inches 
and multiplying the quotient by the scale of the indicator spring. If a 
planimeter is not available, the approximate mean effective pressure may 
be determined by finding the average height of the diagram in inches as 
obtained by averaging a suitable number of equally spaced ordinates, at 
least 20, measured between the lines of the forward and return strokes, 
and then multiplying this average by the calibrated scale of the spring. 
The length of the indicator diagram is the measured distance along the 
atmospheric-pressure line between ordinates erected perpendicular to it 
and passing through the ends of the indicator diagram. 
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In the case of fluids not having published charts or tables, the follow¬ 
ing method may be used to calculate the theoretical horsepower required 
to compress the vapor adiabatically at the average rate for a single stafee 
or for any stage of multiple-stage compressors: 


hp. = 


144A; 

33,000(A: - 


’ 1 
P2 * 
.Pi 


1 


where Vi = volume compressed, in cubic feet per minute. 

Pi = absolute intake pressure, in pounds per square inch. 

P 2 = absolute discharge pressure, in pounds per square inch. 
k = the exponent in pv^ = constant. 

Gross Horsepower.—The gross horsepower is the indicated horse¬ 
power in the steam or power cylinders in the case of a steam or internal- 
combustion engine-driven compressor; the electrical horsepower multiplied 
by the motor efficiency in the case of a direct-connected motor-driven 
compressor; and the brake horsepower delivered to the compressor shaft 
in the case of a belt-driven or gear-driven compressor. If motor efficiency 
determined under the A.I.E.E. rules is used, the value obtained will be a 
conventional one and will always be higher than the actual efficiency of 
the motor. An agreement must therefore be made by those interested 
in the test as to the tolerance to be applied to the ‘‘conventional effi¬ 
ciency^' to convert the figure into actual efficiency. 

Electrical Horsepower.—The electrical horsepower of a motor is 
found by dividing the input at the terminals expressed in kilowatts 
by the constant 0.746. In the case of an alternating-current motor, 
the input determined, whether expressed in electrical horsepower or 
kilowatts, should be the total input. When the power for excitation 
is taken directly from the compressor shaft, the total input is that 
indicated at the alternating-current motor terminals. When the power 
for excitation is furnished from an independent source, the total electrical 
horsepower used in calculating the gross horsepower (page 478) is that 
indicated at the motor terminals plus an equivalent power required 
to run the exciter. 

Volumetric Efficiency.—The volumetric efficiency is the ratio of the 
capacity of the compressor to displacement. The capacity is the actual 
amount of vapor compressed and delivered, expressed in cubic feet per 
minute at intake temperature and pressure. 

The compression efficiency for any particular cylinder of a multistage 
compressor is the ratio of the horsepower required to compress adiabati¬ 
cally all of the vapor delivered by the compressor through the observed 
pressure range for the particular cylinder in question to the horsepower 
developed in the particular cylinder in question as shown by the indicator 
cards. The two factors involved in this ratio are defined on page 470. 
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Overall Pump Efficiency. —The method of computing the overall 
efficiency is described in the Test Code for Displacement Compressors and 
Blowers (page 449). 

Condenser Performance. —The condenser is required to remove the 
total heat of the vapor drawn into the compressor plus the heat of 
compression. It is therefore incorrect to consider the removal of 12,000 
B.t.u. per hour by the condensing water as equivalent to the standard 
commercial ton as produced in the evaporator. The total heat removed 
by the condensing water shall be calculated from the observed data 
when the enclosed type of condensers, either shell and tube or double 
pipe, is used. The total heat may also be calculated from the quantity 
of refrigerant circulated. In this case 

where Qe = heat removed per hour. 

hgz = heat content of vapor entering condenser. 
hg 4 = heat content of liquid leaving condenser. 

Wa = weight of refrigerant condensed per hour. 

Determination of Heat Transfer in Condensers. —The work done in 
the condenser may be divided into three stages: (1) the removal of 
superheat; (2) the liquefaction of the refrigerant; and (3) the subcooling 
of the condensed liquid. It is therefore to be expected that the rate of 
heat transfer is not the same in all parts of the condenser. The loga¬ 
rithmic mean difference (page 492) is based upon a constant temperature 
of liquefaction throughout the condenser on the assumption that the heat 
transfer is uniform throughout the condenser. While the calculation of 
heat transfer per square foot of refrigerant surface per hour per degree 
of logarithmic mean difference does not give entirely satisfactory results, 
the determination of heat transfer shall be calculated in this manner. 

Logarithmic mean difference = ——--.y 


where te = temperature of liquefaction corresponding to condenser 
pressure. 

ti = temperature of incoming water. 
to = temperature of outgoing water. 

Evaporator Performance. —The evaporator performance shall be 
calculated from the observed data. In this case 

Qe ~ ^^a(hgZ hg^^j 

in which Qe = heat removed per hour. 

hgz = heat content of vapor leaving evaporator. 
hgt == heat content of liquid entering expansion valve. 
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Wa = weight of refrigerant entering evaporator, in pounds per 
hour. 

Determination of Heat Transfer in Evapbrator. —Brine coolers. 
Brine-cooler performance shall be expressed in terms of heat transfer per 
square foot of cooling surface per hour per degree of logarithmic mean 
difference. 


Logarithmic mean difference 


ti to 


log* 


ti tv 

to tv 




where to = temperature of brine out of evaporator. 

U = temperature of brine to evaporator. 

tv = temperature of vaporization corresponding to evaporator 
pressure. 

The performance of ice tanks and all other forms of expansion coils 
or apparatus will not be specifically covered in this Code, which is intended 
to include the main items of the refrigerating cycle rather than the prod¬ 
ucts of the cycle. 

Water Horsepower. —The water-horscpow^er output at observed total 
suction and discharge pressure is 


w.hp. 


(pounds of liquid per minute) X (total head in feet) 
33,000 


The gross or brake horsepow^er input shall be observed for all pump¬ 
driving elements and the efficiencies calculated. 

Heat Balance.—A heat balance shall be made of the refrigerating 
cycle, of which the following is an illustration of all the items required in a 
‘‘compound-cycle^^ compression system. As a heat balance is impossible 
unless extreme care has been taken in making the measurements, it will 
be found necessary to hav^e most accurate thermometers for observing 
the temperature of water on and off condensers as w^ell as for taking 
temperatures of brine. It is also necessary to have indicator cards taken 
at uniform intervals, at least every 30 minutes, in order to determine the 
heat equivalent of work done in the compressor. 

The general formulas for heat balance are as follows: 

Compression cycle: Q* + = Qi + Qs 

Absorption cycle: Qe + Qs = Qi + Q2 + Qs 
where Qe = heat absorbed by evaporating refrigerant. 

Qw = heat equivalent of w^ork in compressor. 

Qa = heat imparted by steam in generator. 

Qi = heat rejected in condenser. 

Q 2 = heat rejected in absorber. 

Qs = heat rejected or radiated in addition to Qi and Q 2 . 
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For purposes of illustration the following list of quantities involved in 
the computation of the heat balances of compound compression systems 
is given. 


Heat Absorbed 


Heat Rejected 


(In B.t.u. per Hour) 


a. Heat absorbed in evaporator. 

h. Heat entering evaporator insulation. 

c. Heat absorbed in low-pressure suction 

main. 

d. Heat absorbed in low-pressure suction 

trap. 

e. Heat equivalent of work done in 

compressor. 

/. Heat absorbed from engine room 
through cold surface of low-pressure 
compressor. 

g. Heat absorbed through surface of 
intermediate liquid nieeiver. 

A Heat absorbed through surface of 
intermediate-pressure liquid line. 

i. Heat absorbed from engim^ room 

through surface of high-pressure 
suction main. 

j. Heat absorbed through cold surfaces 

of high-pressure compressor. 

k. Heat absorbed or rejected through 

condenser shells. 

l. Heat absorbed or rejec^ted through 

receivers. 

m. Heat absorbed or rejected in high- 
pressure liquid line. 


n. Heat rejected by hot surfaces of low- 

pressure compressor. 

o. Heat rejected from low-pressure dis¬ 

charge main between low-pressure 
compressor and intermediate vapor 
cooler. 

p. Heat rejected in intermediate vapor 

cooler. 

q. Heat reject'd to engine room by inter¬ 

mediate vapor cooler. 

r. Heat rej(^cted in discharge main from 

intermediate vapor cooler to inter¬ 
mediate litpiid receiver. 

s. Heat rejected l)y hot surfaces of high- 

pressure compressor. 

t. Heat rejected by high-pressure dis¬ 

charge main and oil separator 
between macdiine find condensers. 

u. Heat rejected in ammonia condensers. 
V. Heat rejected in liquid cooler. 

?/’. Same as k. 

X. Same as 1. 
y. Same as m. 


Table XXXI.— Data a^d Results of Test on Power-driven Refrigerating 

Unit 

(leneral Information 

(1) Date of test; (2) location; (3) owner; (4) builder; (5) test conducted by; (6) 
object of test. 


Description^ Dimensions of Com/jresser, Condenser^ Etc, 

7. Type of compressor (single or multiple stage, and kind of refrigerant) 


8 . Type of compressor valves. 

9. Method of driving compressor. 

10 . Method of volume control. 

11 . Rated discharge (gage) pressure.lb. per sq. in. 

12 . Rated speed.r.p.m. 

13. Rated displacement.cu. ft. per min. 


14. Rated output expressed in standard tons of refrigeration 
16. Type of intercoolers. 
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First Second 

Inter- Inter¬ 
cooler cooler, 


16. Area of water-cooled surface.sq. ft. 

First 
Stage 

17. Diameter of compressor cylinders.in. 

18. Stroke of pistons.ft. 

19. Diameter of piston rods or tail rods.in. 

20. Clearance in terms of piston displacement in per cent 

(a) Clearance, head end. 

(h) Clearance, crank end. 

(c) Clearance, average. 

21. Cylinder ratio based on piston displacement 

(a) First stage to second stage. 

22. Horsepower constant, cylinder: 

(a) Head end (stroke X net piston area -i- 33,000). 

(b) Crank end (stroke X net piston area -i- 33,000). 

23. Area of compressor cylinder jacketed surface. . . sq. ft. 

24. Diameter of intake pipe.in. 

25. Diameter of final discharge pipe.in. 

Note.—F or description, dimensions, etc., of compressor-driving element, see 
pp. 478 and 479. 

26. Type of condenser. 

27. Area of condenstir surface on refrigerant side.sq. ft. 

28. Type of evaporator. 

29. Area of evaporator surface on refrigerant side.sq. ft. 

30. Type of water pumps. 

31. Size of water pumps. No. 1, No. 2.gal. per min. 

32. Type of brine pumps. 

33. Size of brine pumps. Nos. 1, 2, 3.gal. per min. 

34. Type of cooling tower. 

35. Rated capacity of cooling tower. 

36. Type of liquid after-cooler. 

37. Cooling surface of liquid after-cooler.sq. ft. 

38. Type of intermediate liquid cooler. 

39. Size of intermediate liquid cooler. diam.height 

General DaUi 

40. Composition of brine. 

41. Specific gravity of brine used compared with wab'r at 39.1°F. * 

42. Specific heat of brine used. 

43. Specific gravity of liquid refrigerant as measured. 

44. Kind of cooling water used (well, salt, river). 

45. Specific gravity of cooling water. 

46. Specific heat of cooling water. 

Test Data and Resvlts 

61. Duration of test.hr. 


Second 

Stage 


Temperature of the maximum density of water. 
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Average Pressures 

62. Barometric pressure.in. of mercury at 32®F. 

(a) Corresponding absolute pressure.in. of mercury at 32®F. 

63. Pressure by mercury manometer at intake near cylinder first stage .in. of mercury 

at 32°F. 

(a) Corresponding absolute pressure.lb. per sq. in. at 32°F. 

First Second 

Stage Stage 

64. Pressure by gage in discharge pipe near cylinder, lb. 

per sq. in. . 

(a) Corresponding absolute pressure, lb. per sq. in.... . 

65. Pressure in intercooler by gage, lb. per sq. in. . 

(a) Corresponding absolute pressure, lb. per sq. in.. . . . 

66. Condenser pressure by gage, lb. per sq. in. . 

(a) Corresponding absolute pressure, lb. per sq. in.. . . . 

67. Pressure in evaporator, by mercury manometer, in. of 

mercury at 32°F. . 

(a) Corresponding absolute pressure, lb. per scj. in.... . 

68. Pressure at inlet of cooling-water pumps by gage, lb. 

per sq. in. . 

69. Pressure at outlet of cooling-water pumps by gage, lb. 

per sq. in. . 

70. Pressure at inlet of brine pump by gage, lb. per sq. in. . 

71. Pressure at outlet of brine pump by gage, lb. per sq. in. . 

Average Temperatures. 


76. Engine-room temperature. ®F. 

77. Condenser-room temperature.®F. 

78. Temperature of outside air.°F. 

79. Temperatun? of wet bulb (p. 441), outside air.°F. 

80. Temperature of vapor near intake (to be measured not L'irst Second 

more than 2 ft. from the compressor inlet and should Stage Stage 


be between 6 and 12°F. of superhc'at), °F. 

80a. Temperature of vapor from evaporator (to be meas¬ 
ured not more than 2 ft. from outlet), °F. 

81. Temperature of vapor near discharge port, °F. 

82. Temperature of vapor at inlet to intermediate vapor 

cooler, °F. 

83. Temperature of vapor at outlet to intermediate vapor 

cooler, °F. 


84. Temperature of liquid from condensers. °F. 

85. Temperature of liquid from liquid receivers.°F. 

86. Temperature of liquid from liquid cooler.°F. 

87. Temperature of liquid from intermediate liquid cooler.°F. 

88. Temperature of liquid at measuring point.®F. 

89. Temperature of jacket cooling water, inlet.°F. 

90. Temperature of jacket cooling water, outlet.°F. 

91. Temperature of cooling water, intermediate vapor cooler inlet.°F. 

92. Temperature of cooling water, intermediate vapor cooler outlet.°F. 

93. Temperature of cooling water, liquid-cooler inlet.°F. 

94. Temperature of cooling water, liquid-cooler outlet.°F. 

95. Temperature of cooling water, condenser inlet.®F. 
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96. Temperature of cooling water, condenser outlet.®F. 

97. Temperature of water to cooling tower.°F. 

98. Temperature of water from cooling tower. ®F. 

99. Temperature of brine, brine-cooler inlet."F. 

100. Temperature of brine, brine-cooler outlet.®F 

101. Temperature range through brine coolers by electric-resistance thermometers 

or by thermocouples.®F. 

Totcil Quantities 

107. Liquid delivered to evaporator.lb. 

108. Brine circulated (at known quantities).gal. 

Unit Quantities 

115. Liquid delivered to evaporator (Item 107 Item 61).lb. per hr. 

116. Brine cinadated (Item 108 Item 61 X 60).gal. per min. 

117. Cooling water s\ipplied to condensers.gal. per min. 

First Second 

Stage Stage 


118. Cooling water supplied to jackets.gal. per min. 

119. Cooling watc'r supplied to intermediate vapor 

cooler.gal. per min. 

120. C/Ooling water suppli(‘d to liquid cooler.gal. per min. 

Refrigerating Output 

121. Available cooling (*lTect (Qey) (p. 469) 

122. (a) Standard commercial tons of refrigeration produced (Item 121-1- 

12 ,000).tons 

(6) tons of refrigeration, brine method as a check (Item 116 X Item 101 X 
Item 41 X 8.33 X Item 42 -J- 200).tons 


Spe(^d 

126. Total number of revolutions as shown by compressor counter 


127. Revolutions per minute Item 126 (Item 61 X 60).r.p.m. 

128. Average piston s])eed.ft. per min. 


Power of Compressor 

129. Indicated horsepower of compressor cylinders, whole compressor.i.hp. 

130. Low-pressure cyliiuh'r or cylinder if single-stage: 

(a) Crank end.i.hp. 

(b) Head end.i.hp. 

131. High-pressure cylinder: 

{(i) Crank end.i.hp. 

(h) Head end.i.hp. 

132. Friction horsepower [Item 144 (Table XXXII), or Item 133 (Table 

XXXIII) - Item 129].i.hp. 


Power Input 

133 to 145. See pp. 479 and 480. 

Economy Results 

146. Gross or brake horsepower of compressor per ton of refrigeration.hp. 

147. Indicated horsepower of compressor per ton of refrigeration [Item 129 -r 

Item 122 (a)].hp. 
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Efficiency Results 

148. Theoretical horsepower to compress adiabatically by calculation from tables 
or Mollier charts: 

First Second 

Stage Stage 

(o) Total heat contained in 1 lb. vapor at suction, B.t.u. 

(6) Total heat contained in 1 lb. liquid entering expan¬ 
sion valve, B.t.u. 

(c) Available heat of evaporation per lb. of refrigerant 

[Item 148(a) — Item 148(6)]. 

(d) Work required to compress 1 lb. refrigerant adiabat¬ 

ically. See Mollier chart for ammonia (Appendix), 

B.t.u. 

(c) Theoretical temperature of discharge vapor (see 

Mollier chart), °F. 

(f) Horsepower per ton for adiabatic compression, i.hp. 


149. Theoretical hp. to compress adiabatically by formula (page 470).hp. 

150. Volumetric efficiency.per cent 

151. Compression efficiency.per cent 

152. Mechanical efficiency of compressor.per cent 

Condenser 

153. Heat removed per minute by condensing water (Item 90 — Item 95) X Item 

117 X 8.33.B.t.u. 

154. Heat removed as calculated from refrigerant condensed as a check. 

155. Heat removed per hour (Item 153 X 00).B.t.u. 

150. Logarithmic mean temperature difference, °F (p. 472). 

157. Coefficient of heat transfer, K = Item 155 (Item 150 X Item 27). 


Evaporator 

158. Heat removed per minute from brine (Item 1226 X 200).B.t.u. 

159. Heat removed per hour (Item 158 X 00).B.t.u 

100. Logarithmic mean temperature difference = °F . 

101. Coefficient of heat transfer, K = Item 159 -i- (Item 100 X Item 29). 


Auxiliary pumps: 

(а) Brine pumps 

102 . Gross or brake horsepower.b.hp. 

103. Water horsepower.hp. 

104. Overall pump efficiency.per cent 

(б) Water pumps . 

105. Water horsepower.hp. 

100. Overall pump efficiency.per cent 


Table XXXII.— Additional Items Applying Only When the Driving Element 

Is AN Electric Motor 

Description, Dimensions, Etc,, of Compressor Drive 

47. Type of motor. 

48. Rated power of motor.hp. 

49. Volts. 

50. Amperes. 
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51. Phase. 

62. Cycles.per sec. 

53. Revolutions per minute.!. 

54. Type and rating of exciter. 

(а) Voltage.volts 

(б) Current.amp. 

Power Input 

133. Electric power to motor terminals.kw. 

134 Voltage per phase.volts 

{ (6) Current per phase.amp. 

135. Power factor (from meter). 

136. Exciter: 

(a) Voltage.volts 

(h) Current.amp. 

137. Efficiency of exciter (from builder’s test).per cent 

138. Electric horsepower to drive exciter.hp. 

139. Electric power input to armature of driving motor (Item 133 0.746).hp. 

140. Electric power input to armature of driving motor (Item 133 or calculated 

from Items 134 and 135).kw. 

143. Electric power input to field of driving motor (calculated from Item 136). .kw. 

142. Total electric input to driving motor (Item 140 -h Item 141).kw. 

143. Efficiency of driving motor (from builder’s test).per cent 

144. Electric horsepower to drive compressor.hp. 

lOconomy Results 

145. Electric horsepower of compressor per standard ton of refrigeration.hp. 


Table XXXIII.— Additional Items Applying Only When the Driving Element 

Is A Steam Engine 

Deficripiion, Dimensions, Etc., of Compressor Drive 

47. Type of engine (simple or multiple expansion or uniflow). 

48. Type of steam valves. 

49. Auxiliaries (steam or electric drive). 

50. Type and make of condenser equipment. 

61. Rated capacity of condenser equipment. 

52. Type of air pump, jacket pump, and reheater pump (direct or independently 


driven). 

63. Type of governing apparatus. 

64. Diameter of steam cylinders.in. 

65. Stroke of pistons.ft. 

66 . Clearance in terms of piston displacement 

(а) Clearance, crank end.per cent 

(б) Clearance, head end.per cent 

67. Horsepower constant (p. 152), steam cylinder: 

(o) Head end. 

(h) Crank end. 

58. Area of steam-cylinder jacketed surface.sq. ft. 

69. Area of interior surface.sq. ft. 

60. Steam-cylinder ratio (overall) 
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Teat Data and ReavUa 


Average Pressures 

72. Pressure above atmosphere in steam pipe near throttle by gage.. .lb. per sq. in. 

(а) Corresponding absolute pressure.lb. per sq. in. 

(б) Maximum pressure above atmosphere, steam-pipe diagram 

near throttle.lb. per sq. in. 

(c) Minimum pressure above atmosphere, steam-pipe diagram 

near throttle.lb. per sq. in. 

73. Pressure in steam receiver by gage.lb. per sq. in. 

74. Pressure in exhaust pipe near engine by mercury column.in. of mercury at 32°F. 

(a) Corresponding absolute pressure.lb. per sq. in. 

75. Pressure in jackets and reheater, by gage.lb. per sq. in. 

Average Temperatures 

102. Temperature of steam near throttle.°F. 

103. Temperature of saturation at pressure near throttle.°F. 

104. Temperature of steam leaving steam receiver, if superheated.°F. 

105. Temperature of steam in exhaust pipe as observ('(l.°F. 

106. Temperature of saturated steam in exhaust pipe ciorresponding to pressure 

of exhaust in pipe.°F. 

Total Quantities 

109. Superheat, at throttle.®F. 

110. Moisture in steam.per cent 

111. Total steam and water consumed by engine as measured.lb. 

112. Total steam less water consumed.lb. 

113. Correction factor conforming to conditions agreed upon.lb. 

114. Equivalent total steam consumed, conforming to conditions.lb. 

Unit QuantititiS 

123. Steam and water (or superheated steam) consumed per hour as measured. . .lb. 

124. Steam less water (or superheated steam) consumed per hour .lb. 

125. Equivalent conforming to conditions consumed per hour.lb. 

129. Power of compressor (sec Table XXXI).i.h.p. 

Power Input of Steam Engine 

133. Steam cylinder—indicated horsepower developed, whole engine. i.hp. 

134. High-pressure steam cylinder, crank end.i.hp. 

head end.i.hp. 

135. Low-pressure steam cylinder, crank end.i.hp. 

head end.i.hp. 


Economy Results 

136. Steam less water (or superheated steam) consumed per indicated horse- 

power-hour of compressor (Item 124 Item 129).lb. 

137. Equivalent steam consumed per indicated horsepower-hour of compressor 

(Item 125 Item 129).lb. 

138. Steam less water (or superheated steam) consumed per ton of refrigeration at 

intake pressure and temperature (Item 124 -f- Item 122a).lb. 

139. Equivalent steam consumed per standard ton of refrigeration at intake pres¬ 

sure and temperature (Item 125 -r* Item 122a).lb. 
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Table XXXIV. —Additional Items Applying Only When the Driving Element 
I s AN Internal-combustion Engine 

Description, Dimensions, Etc., of Compressor Drive 

47. Type of engine; two or four cycle, single or double acting, horizontal or vertical 

48. Auxiliaries attached, such as magneto, fuel-injection pump, fuel-circulating 

pump, lubricating-oil pumps, jacket circulating pumps, scavenging pumps, 
spray-air compressor, maneuvering or starting air compressor, radiator fans, 
oil or fuel coolers or heaters. 

49. Auxiliaries, independent or separately driven, and power. 

50. Grade of fuel for which engiiKJ is designed, kind of gas or specification of liquid 


fuel, and what was used in test. 

51. Diameter of all cylinders working, four cycle or two cycle.in. 

52. Stroke of working cylinders.ft. 

53. Diameter of piston and tail rods of working cylinders.in. 


54. Head-end horsepower constant for working cylinders (stroke X net piston 

area 33,000). 

55. Crank-end horsepow('r constant for working cylinders (stroke X net piston 

area ^ 33^000). 

Power Input 

58. Indicated hors(‘powor of all w'orking cylinders.i.hp. 

59. Indicated horsepower of (^ach single-acting cylinder or each end of each 

double-acting four-cycle.i.hp. 


Test Data and Results 

Pressures, Average 

72. Spray-air pressure (air-injection Diesel engines) average (say 

whether gage or absolute.lb. per sq. in. 

73. Exhaust back pressure.in. of water 

74. Gas pressure in main gaseous fuel. . . .in. water.lb. per sq. in. 

75. Scavenging air pressure average, two-cycle engines (say whether 

gage or absolute).lb. per sq. in. 

Temperatures 

102. Temperature of fuel.°F. 

103. Temperature of main air supply.°F. 

Location of thermoim^ter. 

104. Temperature of main jacket w.ater (or oil) inlet.®F. 

105. Temperature of main jacket water (or oil) outlet.®F. 

106. Temperature of mixture at intake port (carbureter engine).®F. 

Fuel Properties 

56. Heating value of gas, high value.B.t.u. per cu. ft. 

57. Heating value of liquid fuel, high value.B.t.u. per lb. 

Total Quantities 

109. Total gaseous fuel at meter pressure and temperature.cu. ft. 

110 . Correction factor for gas (see Test Code for Internal-Combustion Engines).... 

111. Total gaseous fuel at carbureter or atmospheric pressure.cu. ft. 

112. Total liquid fuel.lb. 
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Unit Quantities 

113. Total gaseous fuel per hour at atmospheric pressure and temperature, .cu. ft. 


113a. Total liquid fuel per hour.lb. 

114. Total heat in fuel supplied per hour (Item 113 X Item 56 or Item 57).... B.t.u. 

Economy Results 

133. Fuel consumption per indicated horsepower-hour (Item 113 Item 

58).lb. or cu. ft. 

134. Heat consumption per indicated horsepower-hour (Item 114 Item 58). .B.t.u. 


135. Fuel consumption per standard ton of refrigeration (Item 113 Item 122a). . . 

136. Heat consumption per standard ton of refrigeration (Item 114 -f- Item 122a). . 

A.S.M.E. TEST CODE (1926) FOR ABSORPTION REFRIGERATING SYSTEMS 

Table XXXV.— Data and Resttlts of Test on Absorption Refrigerating 

Sy.stems 

General Information 

(1) Date of test; (2) location; (3) owner; (4) builder; (5) test conducted by; (6) 
object of test. 

Description^ Dimensions^ Etc. 


7. Type of condenser. 

8. Area of condenser surface on refrigerant side.sq. ft. 

9. Type of evaporator. 

10. Area of evaporator surface on refrigerant side.sq. ft. 

11. Type of water pumps. 

12 . Rated capacity of water pumps.gal. per min. 

13. Type of brine pumps. 

14. Rated capacity of brine pumps. gal. per min. 

15. Type of cooling tower. 

16. Rated capacity of cooling tower. 

17. Type of absorber. 

18. Area of absorb(?r surface on refrigerant side.sq. ft. 

19. Type of generator. 

20. Area of heating surface in generator.sq. ft. 

21. Type of strong-liquor pump. 

22. Diameter of piston rod, liquor pump.in. 

23. Stroke of liquor pump.in. 

24. Piston displacement of liquor pump.cu. ft. 

25. Type of rectifier. 

26. Cooling surface in rectifier.sq. ft. 

27. Type of exchanger. 

28. Cooling surface in exchanger.sq. ft. 


General Data 

29. Composition of brine. 

30. Specific gravity of brine compared with water at 39.1®F 

31. Specific heat of brine. 

32. Specific gravity of liquid refrigerant as measured. 

33. Concentration of strong liquor. 

34. Concentration of weak liquor. 
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36. Quality of steam to generator. 

36. Kind of cooling water used. 

37. Specific gravity of cooling water.'.. 

38. Specific heat of cooling water. 

Test Data and Results 

39. Duration of tests.hr. 

Average Pressures 

40. Barometric pressure.in. of mercury at 32°F. 

(a) Corresponding absolute pressure.lb. per sq. in. 

41. Pressure in evaporator, by gage.lb. per sq. in. 

42. Steam pressure in generator, by gage.lb. per sq. in. 

43. Pressure in absorber, by gage.lb. per sq. in. 

44. Pressure in condenser, by gage.lb. per sq. in. 

Average T('mp(‘ratur(*s 

45. Engiiu^-rooui temperature.°F. 

46. C^on(l(‘nsi‘r-room temperature. 

47. Temperature of outside air.®F. 

48. Temperature of wet bulb.®F. 

49. T(unpera.tur(‘ of licpiid from eondcmsers.°F, 

50. Temperature of liquid from licjuid receivers.®F. 

51. Temperature of liquid from liquid cooler.®F. 

52. Temperature of liquid at measuring point.®F. 

53. Temperature of water to cooling tower at measuring point.®F. 

54. Temperature of water from cooling tower at measuring point.°F. 

55. Temperature of brine, brine-cooler inlet at measuring point.®F. 

56. Tem])crature of l)rine, brine-cooler outlet at mc'asuring point.°F. 

57. Teniperature ninge through brine coolers by electric-resistance thermometer. °F. 

58. Temperature of cooling water, inlet to rectifier.°F. 

59. Temperatun^ of cooling water, outfid to nadificT.®F. 

60. Temperature of wtaik li(pior to weak-liquor cooler.°F. 

61. Temperature of w('ak licpior from weak-liquor cooler.®F. 

62. T(*mperaturc of water, inlet to weak-licpior cooler.°F. 

63. Temperature of water, outlet from weak-liquor cooler.®I’'\ 

64. Temperature of weak liquor, inlet to absorber.°F. 

65. Temperature of weak licpior, exit to generator.°F. 

66. Temperature of strong liquor, inlet to exchanger.°F. 

67. Temperature of strong liquor, outlet from exchanger.®F. 

68. Temperature of condenser cooling water, inlet.°F. 

69. Temperature of condenser cooling water, outlet.®F. 

70. Temperature of steam to generator.°F. 

71. Temperature of condensed steam from generator.®F. 

Total Quantities 

72. Liquid delivered to evaporator.lb. 

73. Brine circulated.lb. 

74. Strong liquor.lb. 

76. Weak liquor.lb. 

76. Steam condensed in generator.lb. 
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Unit Quantities 

77. Liquid delivered to evaporator.lb. per min* 

78. Brine circulated . gal. per min- 

79. Cooling water supplied to condensers. gal. per min- 

80. Cooling water supplied to absorber.gal. per min. 

81. Cooling water supplied to rectifier.gal. per min. 

82. Cooling water supplied to weak-liquor cooler.gal. per min. 

Refrigerating Output 

83. Available cooling effect per hour (Qe) (pp. 469 and 473).B.t.u. 

84. Standard commercial tons of refrigeration produced (Item 83 ^ 12,000).. .tons 

85. Standard commercial tons of refrigeration produced, brine method as a check: 

(Item 78 X Item 57 X Item 30 X 8.33 X Item 31 -5- 200).tons 

Economy Results 

86 . Tons of refrigeration per pound steam used in generator.tons 

Generator 

87. Heat imparted by steam per minute.B.t.u. 

88 . Heat imparted by steam per hour (Item 87 X 60).B.t.u. 

89. IjOgarithmic mean temperature difference (see Items 94 and 98).°F. 

90. Coefficient of heat transfer: K = Item 88 -r (Item 89 X Item 20).B.t.u. 

Condenser 

91. Heat removed per minute by condensing water (Item 69 — Item 68) 

X Item 38 X Item 79 X 8.33 X Item 37.B.t.u. 

92. Heat removed as calculabnl from refrigerant cond(*nser as a chtuk (page 

472).B.t.u. 

93. Heat removed per hour (Item 91 X 60).B.t.u. 

94. Logarithmic mean tcunperature difference.°F. 

95. Coefficient of heat transfer: K = Item 93 (Item 94 X Item 8).B.t.u. 

Evaporator 

96. Heat removed per minute from brine.B.t.u. 

97. Heat removed per hour (Item 96 X 60).B.t.u. 

98. Logarithmic mean temperature difference.®F. 

99. Coefficient of heat transfer: K = Item 97 -4- (Item 98 X Item 10). 

Absorber 

100. Heat removed by water per minute.B.t.u. 

101. Heat removed by water per hour (Item 100 X 60).B.t.u. 

102. Logarithmic mean temperature difference.°F. 

103. Coefficient of heat transfer: K == Item 101 -4- (Item 102 X Item 18).B.t.u. 

Rectifier 

104. Heat removed per minute (Item 59 — Item 58) X Item 38 X 8.33 X Item 

81 X Item 37.B.t.u. 

105. Heat removed per hour (Item 104 X 60).B.t.u. 

Weak-liquor cooler 

106. Heat removed per minute (Item 63 — Item 62) X Item 38 X 8.33 X Item 

82 X Item 37.B.t.u. 

107. Heat removed per hour (Item 106 X 60).B.t.u. 
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Strong-liquor Pump 

108. Indicated horsepower.i.hp. 

109. Steam consumption.lb. per hr. 

Brine Pumps 

110. Gross or brake horsepower.b.hp. 

111. Water horsepower.hp. 

112. Overall efficiency.per cent 

Water Pumps 

113. Gross or brake horsepower.b.hp. 

114. Water horsepower.hp. 

115. Overall efficiency.percent 











CHAPTER XIX 


TESTING OF CONDENSERS AND FEED-WATER HEATERS 

A.S.M.E. TEST CODE (1926) FOR CONDENSING APPARATUS (ABRIDGED) 

It should be borne in mind at the very beginning of any investigation 
of condensing machinery that, while some classes of condensers are 
apparently simple pieces of apparatus, a complete test of such a device as 
a surface condenser represents a greater complement of diversified aux¬ 
iliary apparatus than any other unit in the power plant. Consequently, a 
complete test requires the test of the condenser itself and, as conditions 
demand, either complet e or partial tests of the auxiliaries. This code has 
been framed to include all types of condensing equipment with their 
auxiliaries, but such items as have no bearing on the object in view can, 
of course, be omitted.^ The various classes of condensing apparatus 
which it covers and the principal auxiliary pumping equipment concerned 
are grouped as follows: 

Surface condensing: 

(a) Surface condeiiscir. (6) Circulating pump, steam driven or motor driven, 
(c) Air pump, either reciprocating dry-vacuum or hydraulic vacuum pump, cither 
steam driven or motor driven, or steam-air ejector, (d) Condensate pump, steam 
driven or motor driven. 

Low level jet condensing and barometric condensing: 

(a) Jet condens(;r. (h) Supply or tail pump, st(uim driven or motor driven, 
(c) Air pump, either recuprocaiting dry-vacuum or hydraulic vacuum pump, either 
steam driven or motor driven, or steam-air ejector. 

Ejector condensing: 

(a) Condenser, (b) Supply pump, steam driven or motor driven. 

Instruments and apparatus required for a condenser test consist of 
the following: 

а. Barometer, preferably of the mercurial type. 

б. Mercury columns for measuring vacuums having the smallest scale graduations 
not greater than 0.1 inch. 

c. Bourdon gages for measuring pressures when too great for mercury manometer 
tubes. 

^ As there is often a difference in the pressure maintained in the various parts of 
the apparatus, the condenser guarantee usually specifies a definite absolute pressure 
to be maintained at the steam entrance to the condenser, when condensing a stated 
amount of steam in pounds per hour, the condenser being supplied with a sufficient 
amount of circulating water (usually specified) at a stated temperature, it being further 
understood that the condenser, prime mover, and connections shall be free from air 
leaks. It is sometimes stated that the air to be removed by the vacuum pump shall 
not exceed a certain figure. 
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d. Thermometers: (1) For registering temperatures of circulating water, condensed 
steam (condensate), and vapors—graduated by half degrees and with maximum scale 
readings from 32 to 160°F.; (2) for determining steam' temperature graduated by 
degrees and with maximum scale readings from 32 to 260°F. 

e. Tanks and platform scales for measuring water (or water meters calibrated in 
place under conditions of use). 

/. Appliances for tests of auxiliary pumps, such as steam-engine indicators, elec¬ 
trical instruments, speed indicators, tachometers. 

g. Air-measuring devities—gasometers or calibrated orifices (page 189). 

h. The same apparatus may be employed for measuring the quantity of steam 
condensed as for testing the engine, turbine, or other steam machinery supplying the 
condenser. 

i. For measuring circulating or injection water, weirs, nozzles, orifices, and Pitot 
tubes may be used or the amount of circulating water may be estimated by the heat- 
balance method as given by the following equation: 

^ ^ HrWc 

' to “ u' 

in which C = pounds of circulating water per hour. 

He — B.t.u. per pound of steam absorbed by the condenser (page 491). 

We — steam discharged to the condenser, in pounds per hour. 
to — temperature of circulating water going out, degrees Fahrenheit. 
ti = temperature of circulating water going in, degrees Fahrenheit. 

If the mercury columns show serious discrepancies, the situation 
must be specially studied. Possibly more columns may be necessary. 

The readings of all gages, corrected to inches of mercury at 32®F. 
shall be averaged and subtracted from a similarly corrected reading of a 
mercurial barometer to give the condenser inlet pressure. Correction must 
be made for the difference in elevation of the barometer and the vacuum 
gages, if any. Inlet pressure shall not be computed from temperature 
observations. The barometer and vacuum gage should be located 
near together, to avoid the necessity of correcting for altitude (page 7) 
and temperature. The temperature correction may be made negligibly 
small by maintaining mercury columns and barometer at approximately 
the same temperature; but if this is done, the temperature correction 
shall be computed for sufficient cases to demonstrate that it is negligible. 

The performance of the condenser is directly influenced by the amount 
of air leakage which varies greatly in actual service and should be brought 
down to the quantity recognized as permissible in the size and type of 
prime mover under test. The quantity of air removed from the condenser 
shall be measured by a gasometer or other approved apparatus. 

If the object of the test permits, any serious leakages, whether of air, 
steam, or water, shall be rectified before proceeding with the main trial. 

In locating thermometers within the steam space of a condenser, 
care should be observed that the thermometer wells in which they are 
placed are shielded from direct impact of steam currents and from 
radiation from the cold tubes. In most cases it is desirable to insert 
bare thermometers through rubber stoppers (page 267). Thermometers 
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showing the temperature of discharge water should be located as far 
as practicable, but not farther than 100 feet from the condenser, to allow 
thorough mixing of the water; otherwise, especially with large pipes 
and with special forms of circulation, the temperature will vary consider¬ 
ably in different sections. Not less than three thermometers usually 
placed 120 degrees (one-third of circle) apart should be used for determin¬ 
ing the temperature of the discharge circulating water. 

Correct application and use of the mercury gage, preferably a full- 
length mercury column, for determining vacuums are all-important in a 
condenser test. Long pipe connections should not be used. To avoid 
capillarity, the connecting pipes should be not less than ^-inch iron- 
pipe size, and they should be arranged to pitch toward the inlet conduit 
connection and contain no pockets. The pressure at the steam inlet 
to the condenser shall be measured by means of at least two carefully 
constructed mercury columns, accurate to 0.01 inch of mercury, used with 
all precautions and corrected for all observable causes of error. Each 
column shall be mounted as near as is practicable to the pressure hole 
in the conduit or casing, and so as to be as nearly as possible free from 
vibration. It shall be connected to the inlet passage of the condenser, 
through pressure holes located within the condenser inlet nozzle.^ 

If the conduit connecting the turbine exhaust nozzle and the con¬ 
denser inlet nozzle is approximately straight, the inlet pressure shall 
be measured as far as possible from the turbine exhaust flange (toward 
the condenser), and at a distance from the condenser inlet flange (toward 
the turbine) not to exceed three diameters of a circle of area equal to that 
of the inlet conduit. Each mercury column shall be connected to a static 
pressure hole normal to the inner w all of the conduit, and not smaller than 
|-inch standard iron-pipe size. There shall be approximately one such 
hole and column for each 16 square feet of inlet-conduit area, but in no 
ordinary case less than two or more than six columns. The pressure 
holes shall be distributed as uniformly as possible around the periphery 
of the conduit. When both turbine (or engine) and condenser are tested 
together, in many cases common readings of exhaust pressure will suffice 
for both tests. 

If there is no straight conduit between turbine and condenser, meas¬ 
urement shall be made in exactly the same way, but the pressure holes 
shall be located within 12 inches of the plane of the face of the con¬ 
denser inlet flange, and at that plane where the steam flow is most likely 

^ Extreme care should be exercised to see that the piping and joints between a 
mercury column and its pressure hole are airtight. One way is to place a valve with 
the stuffing box on the gage side of the pressure line, immediately adjacent to the 
connection to the inlet conduit. At intervals during the condenser tests, while vacuum 
is on, the valve is to be closed. If the mercury column reading does not change 
at a rate greater than 1 inch in 2 minutes, the pressure line may be assumed to be tight. 
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to be smooth. If both turbine (or engine) and condenser are tested 
together, in this case, two sets of readings will in general be required. 

In testing large condensers, if it is unduly difficult or considered undesirable to put 
two or more flush holes in the inlet connection as specified above, it shall be optional 
with the parties concerned, upon previous written agreement, to install other types of 
pressure tips with appropriate precautions. Such tips must be of a type of demon¬ 
strated accuracy. At least two such pressure tips shall be used, one located centrally 
in each half of the inlet opening and within 12 inches of the plane of the face of the 
condenser inlet flange. 

Condenser Leakage. —The quantity of leakage from the water spaces 
to the steam space in the case of surface condensers may be determined by 
measuring the water discharged from the condensate pump when running 
dry, that is, with all steam shut off from entering the condenser, the 
normal quantity of circulating water being in use and other conditions 
being normal. The quantity of leakage should be determined for at 
least an hour^s time, after normal conditions are established, and deducted 
from the total condensate as measured on the main test. It is recom¬ 
mended that, if this leakage exceeds 1 per cent of the normal capacity 
of the condenser, no further test be made until such leakage is reduced to 
the stated figure. The average of such a test made before and after the 
main test may be considered as the condenser leakage, but attention is 
called to the fact that under operating conditions the actual leakage may 
vary from that obtained during the leakage test, owing to the different 
temperature conditions and vibrations that may exist. This fact 
emphasizes the necessity for reducing the leakage to the absolute mmimum 
before the test. 

Other methods of determining the amount of leakage have been 
successfully applied but are not universally applicable, as, for example, 
the electrolytic method j (page 355) which is based on the change in electrical 
resistance of condensate due to contamination with salt-water leakage. 
Also the chemical method of titration with a solution of silver nitrate 
(page 347), with potassium chromate used as an indicator. 

The tiKhtiiess of the condenser and its connections with respect to air leakage, 
whatever the type of condenser, shoiild be carefully ascertained. The surface con¬ 
denser shell and its connections sliould be filled with water at a temperature approxi¬ 
mately that of the surrounding air and under some slight pressure, and the leaks 
revealed. Care should be taken when filling a condenser with water to see that 
the condimser supports are not overloaded and an undue load is placed on the 
exhaust nozzle of the turbine or engine, in cases where the condenser is mounted on 
springs and there is no expansion joint between the turbine or engine and the con¬ 
denser. A convenient method of determining the fact of air leakage, though not its 
degree, is to shut off the injection water, stop the admission of steam, stop the vacuum 
pump, and then observe how long a time the vacuum holds. If the vacuum falls at 
once, a thorough search by the aid of a candle flame will serve to locate the leakage. 

Starting, Stopping, and Duration of Tests. —^The starting, stopping, 
and duration of a condenser test should follow the same rules as those 
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governing a steam-engine or turbine test, and reference should be made 
to the Steam Engine Code and Steam Turbine Code for the general 
directions to be followed. 

In surface-condenser tests the quantity of steam condensed should be 
determined by collecting and weighing the condensate, and correcting 
the total, as measured, for leakage, if any. 

In jet condenserSj including those of the barometric type: 

The quantity of steam condensed may be ascertained by measuring the feed-water 
consumption and correcting for drips, for leakage of boilers and piping, and for steam 
which is not supplied to the condenser, preferably by taking steam from an isolated 
group of boilers. 

It may be determined approximately by steam-meter measurement if the meter is 
calibrated in place and under conditions of use; or by calculation from the heat units 
given up to the injection water, if determined. 

When the circulating water is discharged into an open tank, a notch weir (page 216) 
or a rectangular weir may be arranged for the measununont. Otherwise an orifice 
may be inserted in the discharge pipe and orifice measurement (page 214) employed. 
Any of these indirect methods must be considered as furnishing approximate measure¬ 
ments, especially when the weir or orifice is in a limited space and it is impracticable 
to calibrate it in place or under its working conditions. The calculation is also affected 
by the accuracy with which temperatures are read as well as the correctness of installa¬ 
tion and the fineness of graduation of the thermometers. This becomes of great 
importance in cases of small tempe^rature rise. 

The quantity of steam consumed by auxiliaries may be found by connecting them 
separately or collectively to a surface condenser, if available, and mcjasuring the 
condensate. 

Where jet, barometric, or ejector condensers are used, any air leakage into the 
water-supply line is as serious as a direct leak into the prime mover or condenser. 
Generally, a portion of the water-suction line is under partial vac\ium owing to the fact 
that either the condenser iisedf or the circulating pump draws water from the injection 
source, which is usually at a lower elevation than the condenser or its supply pump. 
A convenient method of determining whether there is any infiltration of air into this 
line is to place a gage or mercury column directly beneath the valve on the injection 
line, which is usually located imiiKHliately adjacent to the condemser line, and observ¬ 
ing the drop in the vacuum reading after the valve has been shut and the circulating 
pump shut down. A drop in the vacuum reading will either indicate air leakage into 
that part of the line under vacuum or a leak in the valve itself. 

Heat Supplied to Condenser per Hour. —The size eff the condensing ecpiipment 
should be determined by the amount of work it is to perform—that is, the amount 
of heat it is to remove. This depends upon the heat contents of the steam as delivered 
to the condenser, an amount seldom specified, although of prime importance. The 
heat supplied to the condenser is that supplied to the prime mover, exhausting to the 
condenser, less that converted into work and lost by generator losses, friction, radia¬ 
tion, and other wastes, not readily determined. It is simply expressed by the follow¬ 
ing formulas (where the condens(?r is bolted direct to the turbine exhaust opening): 

For a simple nonbleeding ^ and nonreheating* turbine the heat supplied is, 

^ A nonbleeding steam turbine is one which has no provision for removing steam 
that is not returned from any part of the turbine casing except at the exhaust con¬ 
nection (see Steam Turbines,by the author, 6th ed., p. 369). 

* A nonreheating steam turbine is one which has no provision for removing steam 
from some point in the turbine casing for the purpose of passing it through a heating 
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^ 3,413* 

SXE’ 


For a reheat, nonbleeder turbine, = hgt H- {hgr — hgx) — in which the 

expression (hgr — hgx) is repeated for each stage of reheating. 

For a bleeder, nonreheat turbine. 


hgtW 3,413 kw 

^ W - (Wl ^W2 + , . . Wn) E[W - (wi Wi + . . . Wn)] 

Wihgi -h Wjhg^ + . . . Wnhg n 

W — (wi -\r wt A- Wn) 

For a bleeder and reheat turbine, 


„ _ HgtW W — w(hgr - hgx) _ 

^ IF - (Wi -h w, 4- . . . Wn) W - (Wi+W2-\- .. . Wn) 

__ _3,41 3 kw _ w\hoi -f W 2 hg 2 . . . wjign 

E(W — (wi 4 - ^^’2 + • . . Wn)] W — (wi W 2 . Wn) 

In the equations given above 

hge = B.t.u. per pound of steam at the prime-mover exhaust. 
hgt == B.t.u. p(‘r pound of steam at the prime-mover throttle. 

S‘ = steam supplied to throttle of prime mover, in pounds per kilowatt-hour. 

E == mechanical and ('Icctrical efficiency of prime mover complete, including all 
friction, electrical loss, windage, radiation, etc. 
hgr = B.t.u. per pound of st(‘am at point of reentrance to turbine after reheating. 
hgx = B.t.u. per pound of steam after partial expansion in the turbine at point 
of extraction for nboat. 

W = total steam supplied to throttle of prime mover, in pounds per hour, 
ici, W 2 . . . t/’n = st('ani bled from first, second, and nth bleeder points of turbine, 
in pounds per hour. 

hgxj hg 2 . . . hgn = B.t.u. pcr pound of steam at the first, second, and nth bleeder 
points of the turbine. 
kw = load on prime mover, in kilowatts. 

In using the formulas given above for determining the heat absorbed by the 
condenser, the h(‘at carried away by the condensate should be subtracted from 
or heat absorbed by condenser. 

hgc = hge - (tc - 32), 

in which hge = B.t.u. per pound of exhaust steam absorbed by condenser and carried 
away by the circulating water and U = temperature of condensate in degrees 
Fahrenheit. 

If the prime-mover steam rate is given in pounds per horsepower-hour, the con¬ 
stant, 2,545, must be substituted for 3,413. The value of E varies with both the 
type and the size of the prime mover. 

A check upon the quantity of heat so determined is obtained by multiplying the 
weight of circulating or injection water in pounds per hour by its rise in temperature 
in its passage through the condenser—but such readings as already explained can 
be considered as only approximate. 


device to increase the total heat in the steam and then returning this steam to the 
stage of the turbine from which it was withdrawn. 

* The heat equivalent of 1 kilowatt-hour is 3,413 B.t.u. per hour; and 1 horsepower- 
hour is equivalent to 2,545 B.t.u. per hour. 
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Determination of Heat Transfer in Surface Condenser. —The efficiency of the 
surface condenser is expressed in B.t.u. transmitted per square foot of the tube surface 
per hour per degree mtjan difference in temperature between the two sides of the tube. 
Both the arithmetical (page 577) and logarithmic mean difference (page 472) are used 
for this purpose and it is recommended that the test results be given for both in order 
to make comparison possible with all other tests. 

A complete comparative discussion here is not desirable, but it is permissible to 
state that the determination of both is based upon assumptions which do not correctly 
represent the conditions, in practice. 

The formulas follow: 

(a) Arithmetical mean difference = 

(5) Logarithmic mean difference = — ~ ; 

1 1 % 

in which L = temperature in steam space. 

ti — temperature of incoming circulating wat(T. 
to = temperature of outgoing circulating water. 

The main points of diffen'iice are as follows: The arithmetical mean difference (a) 
assumes: (1) a constant steam temperature throughout tlu^ condemser and (2) a uni¬ 
form rise in temperature of the circulating water from its entrance to exit. The 
logarithmic mean difference (b) is based upon: (3) a constant steam temperature 
throughout the condenser and (4) a uniform heat transfer throughout the condenser.^ 

The transfer of heat through a tube surface from air to water has been giv(‘n by 
different experimenters as varying from 6 to 10 B.t.u. per square foot per degrees 
Fahrenheit per hour, or less than 1 pcT cent of that from steam to water. If we have 
180,000 pounds of steam per hour entering a surface condenser and carrying with it, 
say, 8 cubic feet of free air p(^r minute, or 36 pounds per hour, we shall have at the 
entrance 5,000 pounds of stc^am per pound of air, the latter being m^gligible, and the 
temperature of steam as indicaic'd by a correctly placed tluTniometer will be prac¬ 
tically that corresponding to the absolute pressure at that point. 

It will oftentimes be found in practice that the curv(^ of circulating-water tempera¬ 
ture rise will more nearly conform to a straight-line performance. Some authorities 
have advised the use of the arithmetical mean as sulficitmtly accurate for purposes of 
comparison, especially when the rise in temperature of circulating water is small. 
Plotted curves will show a difference of from 3 to 10 per cent in the mt'an difference, 
as derived for usual practical conditions at 15 to 2 inch(is of mercury, absolute pres¬ 
sure, and, say, 20 per cent around 3 inches. 

Most engineers prefer the logarithmic mean, which in any event should be adhered 
to for all heater calculations where the range of temperat\ire is high. The logarith¬ 
mic mean m of varying tt^mperatures may be definc'd in Utiiis of d\ and d-i tin; tempera¬ 
ture differences at the two ends of the condenser tubes, by the following formula: 

m = {d\ — d'z) -i- 2.3 logio (di di). 

A.S.M.E. TEST CODE (1926) FOR CONDENSING APPARATUS 

Table XXXVI.— Data and Resttltr of Condensing-apparatus Tests 
General Information 

(1) Date of test; (2) location; (3) owner; (4) builder; (5) test conducted by; (6) 
object of test. 

^ Numerous tests show that the temperature is not uniform throughout a conden¬ 
ser, and that the rate of heat transfer is not uniform. 
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Description and Dimensions, Etc. 

7. Unit number.Manufacturer's Serial No... 

Drawing No. 

How long in service?. 

If surface type, how long since tubes were last cleaned?. 

8. Condensing steam from—No.—size—make—type (horizontal or vertical) 

turbine or engine. 

9. Type of condenser (horizontal or vertical—jet or surface). 


(а) Material of shell. 

(б) Weight of condenser, empty.lb. 

(c) Weight of condenser, including circulating water.lb. 

(d) Shape and approximate overall dimensions. 

(e) Vacuum breaker—type and description. 


10. Distance between exhaust flange of prime mover and condenser exhaust opening, 

size of connecting pipe, with enumeration and description of fittings and valves 

in same. 

Are valve disks, stems and joints water-sealed?. 

11. Exhaust relief valves: size, make, and location. 

Is rt^lief valve water-seah'd ?. 

12. Source of supply of circulating or injection water (salt or otherwise) 

(a) Analysis of condensing water. 

Surface Condenser 

[Whether (1) standard type, water inside tubes, or (2) water-works type, water 
outside? tubes.] 

13. Number of passes (wat(T if 1) (steam if 2). 

14. Amount of effective cooling surface in square feet (including air cooler but exclud¬ 

ing int(?rnal heater) measured on the outside of the tubes between tube heads 
if (1) on the inside, if (2) tube-head area not included. 

15. Amount of effective heating surface in internal heater, if any—square feet (see 

drawings). 

16. Location and description of internal heater, if any. 

17. Amount of effective cooling surface in air cooler. 

18. Location and description of air cooler (see drawings). 

19. Diameter, gage, material, and length of tubes between heads. 

20. Number of tubes in passes: (a) tubes in firsi pass; {b) tubes in second pass; 

(c) tubes in third pass; (d) tubes in fourth pass. 

21. Dimensions, shape, and material of tube head and total area in square feet of each 

tube head, in steam space (before drilling for tubes). 

22. Number, material, and total thickness of support plates. 

23. Per cent of tube-head area in contact with steam. 

24. Per cent of volume of shell actually occupied by tubes below a horizontal line at 

top of tube head—inside shell. 

25. Description or sketch of tube layout. 

26. Kind of tube packing... 

27. Condition, of tube surface (as to cleanliness). 

Low-head Jet, Barometric, or Ejector Condenser—Parallel-flow or Countercurrent 

28. Approximate volume of space available for condensation.cu. ft. 

29. Type of water distributor (jet or gravity). 

30. Number and type of jets. 

31. Mechanical condition of apparatus... 
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Special Features 

32. Description of special features including internal or external cooler, if any. 

Circulating Pump of Surface Condenser, or Removal (or Tail) Pump of Low-head 
Jet Condenser, or Injection Pump of Barometric or Ejector Condenser 

33. Manufacturer, serial number, and drawing number. 

34. Type, horizontal or vertical—centrifugal or reciprocating. 

36. Number of stages if centrifugal—single or duplex—single or double suction.... 

36. How driven (engine, turbine, or motor). 

37. Rated horsepower, dimensions of cylinders, and stroke of reciprocating apparatus 

38. Normal r.p.m. and characteristics of motor. 

39. Size of all pipe openings. 

40. State special features, type of valves, direct gear or belt driven. 

41. Manufacturer’s guarantee, if any. 

42. Mechanical condition. 

Air-vapor-removal Apparatus 

Reciprocating dry vacuum pump: 

43. Manufacturer, serial number, and drawing number. 

44. Type (horizontal or vertical) number of stages. 


46. How driven (steam cylinder or motor). 

46. Size: 

(а) Diameter steam cylinder and stroke.in. 

(б) Diameter air cylinder first stage.in. 

(c) Diameter air cylinder second stage.in. 

(d) Diameter of piston rods—air cylinders.in. 

(e) Diameter of piston rods—steam cylinders.in. 

47. Type and description of air valves. 

48. Actual air piston displacement per revolution.cu. ft. 


49. Clearance in per cent of air piston displacement. 

60. Type, size, and description of motor (if motor driven). 

51. Special features. 

52. Manufacturer’s guarantee, if any. 

53. Mechanical condition. 

Hydraulic type: 

64. Manufacturer, serial number, and drawing number. 

66. Type and trade name. 

56. Size including supply pump if separate. 

57. How driven (engine, turbine, or motor). 

58. Give indicated horsepower or brake horsepower. 

59. Size of all pipe openings. 

60. Special features. 

61. Manufacturer's guarantees, if any. 

Steam-jet or ejector type; 

62. Manufacturer, serial number, and drawing number. 

63. Type, trade name, number of stages. 

64. Number and sizes of precooler, intercooler, and aftercooler (jet or surface) and 

amount of surface in each. 

66. Size of steam and water connections. 

66. Special features including supply of water for coolers, removal of condensate, etc. 

67. Are single or multinozzles used in ejectors?. 
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68. Manufacturer’s guarantees, if any. 

69. Mechanical condition... 

Condensate pump: 

70. Manufacturer, serial number, and drawing number. 

71. Type—horizontal or vertical—number of stages. 

72. Size of suction and discharge openings. 

73. How driven (engine, turbine, or motor) brake horsepower and speed. 

74. Special features. 

76. Manufacturer's guarantees, if any. 

76. Mechanical condition. 

Test Data and Results 

77. Duration of test.hr. 

Steam Supply 

78. Load on prime mover or othc^r apparatus exhausting to condenser, .i.hp, or kw. 

79. Heat equivalent of work per hour.B.t.u. 

80. Absolute steam pressun* at main throttle.lb. per sq. in. 

81. Quality of steam at main throttle.per cent moisture or deg. superheat 

82. Quantity of steam entering condenser.lb. 

83. Quantity of steam at throttle of each auxiliary if required.lb. 

Average Pressures and Temperatures 

84. Barometric pressure as observed.in. of mercury 

(a) Temperature. 

86. Barometric pressure as corrc'cted.in. of mercury at 32®F. 

86. Temperature of atmospheric air.®F. 

(a) Relative humidity...per cent 

87. Absolute pressure of steam leaving prime mover or other 

apparatus at exhaust flange.in. of mercury at 32°F. 

88. Absolute pressure of steam entering condenser or other 

apparatus at inlet flange.in. of mercury at 32°F. 

89. Saturated-steam temperature corresponding to the pressure in Item 88.®F. 

90. Measured temperature corresponding to Item 89.®F. 

91. Absolute pressure at air-removal flange.in. of mercury at 32°F. 

92. Absolute pressure at air-removal pump suction nozzle, .in. of mercury at 32°F. 

Surface Condenser 

93. Total steam delivered to prime mover or other apparatus exhausting to con¬ 

denser as measured.lb. 

(o) Rate per hour.lb. 

94. Total steam bled from first bleeder connection.lb. 

(o) Rate per hour. lb. 

96. Total steam bled from second bleeder connection.lb. 

(o) Rate per hour.lb. 

96. Total steam bled from nth bleeder connection.lb. 

(a) Rate per hour.lb. 

97. Total water delivered by hot-well pump.lb. 

(а) Rate per hour.lb. 

98. Water leakage including steam from seals per hour.lb. 

(o) Immediately prior to test.lb. 

(б) Immediately after test.lb. 

(c) Average leakage—corrected to rate per hour.lb. 
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99. Prime-mover steam condensed by condenser.lb. 

(a) Rate per hour.lb. 

100. Temperature of circulating water 

(a) Entering condenser.°F. 

(b) Leaving first pass.°F. 

(c) Leaving second pass.®F. 

(d) Leaving third pass.°F. 

(e) I.(eaving condenser.®F. 

101. Temperature of condensate in hot well.°F. 

102. Temperature of condensate leaving internal heater—if any.®F. 

103. If make-up or other foreign water is introduced to condenser or hot well, addi¬ 

tional data should be furnished as to quantity, temperature, etc. 

Circulating Pump 

104. Circulating water (measured if possible).gal. per min. 

105. Circulating-water pressure above or below atmosph(‘ric 

(a) At condenser-inlet nozzle.lb. per sq. in. 

(b) At condenser-outlet nozzle.lb. per sq. in. 

(c) Difference in level between circulating nozzles center lines.ft. 

(d) Net condenser-circulating friction.lb. per sq. in. 

106. Piston speed or revolution per minute if ceiitrifugal 

107. (a) Pressure at pump intake nozzle, by gagc‘.lb. per sq. in. 

(b) Pressure at discharge, by gage.lb. per sq. in. 

(c) Difference in level of gages.lb. per sq. in. 

(d) Total corrected pumping head.lb. per sq. in. 

108. Absolute pressure of steam at throttle.lb. per sq. in. 

(a) Quality of steam at throttle.per cent moisture or °F. superheat 

109. Absolute pressure at exhaust nozzle.lb. per sq. in. 

110. Total indicated horsepower or brake horsepower or el(‘ctricai horsepower if 

motor-driven. 

111. Weight of steam consumed per hour.lb. 

Jet, Barometric, or Ejector Condensers 

112. Amount of water handled by injection or removal pump.gal. per min. 

113. Temperature of injection wat('r 

(a) Entering condenser.°F. 

(b) Leaving condenser.°F. 

114. Absolute pressure of injection water in distributing box at inlet 

flange.lb. per sq. in. 

(a) Height of same above center line of pump.ft. 

116. (a) Pump discharge pressure (by gage).lb. per sq. in. 

(b) Pump intake pressure (by gage).lb. per sq. in. 

(c) Difference in level between centers of gages.ft. 

(d) Water level in condenser or hot well above center lines of pump.ft. 

116. Correct total pumping head.lb. per sq. in. 

117. Speed of pump.r.p.m. 

Air-vapor Removal Apparatus. All Types of Reciprocating Dry Vacuum Pumps— 
Steam or Motor Driven. All Types of Hydraulic Pumps—Steam or Motor Driven 

118. Steam conditions: 

(a) Absolute pressure at throttle.lb. per sq. in. 

(b) Quality of steam at throttle.per cent moisture or °F. superheat 
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(c) Absolute pressure at steam exhaust nozzle.lb. per sq. in. 

(d) Weight of steam consumed per hour.lb. per hr. 

119. Air-vapor pressures and temperatures: 

(а) Absolute pressure at pump suction nozzle.. in. of mercury at 32®F. 

(б) Temperature air vapor at suction nozzle.°F. 

(c) Lowest absolute pressure obtainable with closed suction. (This determined 

before or at close of main test and with as near the same operating conditions 
as possible.).in. of mercury at 32°F. 


120. Horsepower of drivers: 

(a) Horsepower of steam cylinders (if reciprocating).i.hp. 

(6) Brake horsepower of turbine.b.hp. 

(c) Power input if motor driven.kw. 

(1) Speed of motor.r.p.m. 

(2) Efficiency of motor.per cent 

121. Rc^ciprocating dry vacuum pumps: 

(tt) Horsepower of vacuum cylinders.i.hp. 

(b) Speed.r.p.m. or s.p.m.^ 

(c) Displacement of piston.cu. ft. per min. 

(d) Mechanical efficiency of pump.per cent 

(e) Temperature of jacket cooling water entering.°F. 

(f) Temperature of jacket cooling water leaving.°F. 

(ff) Amount of jacket cooling water.lb. per hr. 

(//) Temperature of air vapor at pump discharge nozzle.°F. 

122. Hydraulic type: 

(a) Speed of pump.r.p.m. 

(b) Temp(^rature of hurling water entering.®F. 

(c) Temperature of hurling water leaving.®F. 

(d) Amount of hurling water circulated.gal. per min. 

(e) Absolute pressure of hurling water at pump suction nozzle. . . .lb. per sq. in. 

(f) Absolute pressure of hurling water at discharge nozzle.lb. per sq. in. 

(ff) Amount of hurling water make-up.gal. per min. 

(h) T(‘mperature of hurling water make-up.®F. 

(t) Method of cooling hurling water, if this water is recirculated. 

123. Steam-air ejector: 

(a) Absolute steam pressure at ejector throttle.lb. per sq. in. 

(b) Quality of steam at ejector throttle °F. superheat or per cent moisture 

(c) Amount of steam used, first-stage nozzles.lb. per hr. 

(d) Amount of steam used, second-stage nozzles.lb. per hr. 

(e) Absolute air-vapor pressure at main suction nozzle, .in. of mercury at 32®F. 

(/) Temperature of air vapor at main suction nozzle.®F. 

(ff) Absolute air-vapor pressure at suction nozzles, 

second stage.in. of mercury at 32®F. 

(h) Temperature of air vapor at suction nozzle, second stage.°F. 

(i) Temperature of water entering intercooler (if any—surface or jet).®F. 

(j) Temperature of water leaving intercooler.°F. 

(k) Amount of water used in intercooler.gal. per min. 

(l) Amount of condensate leaving intercooler (if surface).lb. per hr. 

(m) Temperature of condensate leaving intercooler.°F. 

(n) Absolute pressure at exhaust nozzle.lb. per sq. in. 

(o) Temperature at exhaust nozzle.®F. 


^ Revolutions per minute or strokes per minute. 
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124. Actual amount of air discharged (as measured by gasometer or orifice (p. 189) 
.cu. ft. per min. at 60®F. and 14.7 lb. per sq. in. abs. 


Condensate Pump 

125. Speed of pump.r.p.m. 

126. Heat contained in condensate above 32°¥ .B.t.u. 

127. Total amount of water handled per hour.lb. 

(a) Rate per minute.gal. per min. 

128. Water pressures: 

(а) Pump discharge pressure (corrected to center line of pump).ft. 

(б) Pump suction pressure (corrected to center line of pump).ft. 

(c) Total head on pump.ft. 

(d) Water level in condenser or hot well above center line of pump.ft. 

129. Water horsepower from above.hp. 

130. Power required to drive, if motor driven.b.hp. 

131. Absolute pressure at throttle.lb. per sq. in. 

132. Quality of steam.per cent moisture or “F*. superheat 

133. Absolute pressure at exhaust.lb. per sq. in. 

134. Steam per hour required to drive (if steam driven).lb. 


Additional Data 

135. Necessary additional data to cover operation of any special features or auxiliaries 
as referred to under Item 32. 

General Results of Tests 


136. Steam condensed per hour: 

(a) Guarantee. .. ..lb. 

(b) Test [Item 99(a)].lb. 

137. Absolute pressure maintained at condenser, exhaust nozzle: 

(а) Guarantee.in. of mercury at 32°F. 

(б) Test (Item 88).in. of mercury at 32°F. 

138. Temperature corresponding to test pressure (Item 89).®F. 

139. Temperature of condensate in hot well: 

(а) Guarantee.®F. 

(б) Test (Item 101).°F. 

140. Temperature of entering condensing water: 

(а) Guarantee.°F. 

(б) Test [Item 100(a)].°F. 

141. Quantity of condensing water: 

(a) Guarantee.gal. per min. 

(h) Test.gal. per min. 

142. Amount of free air handled by air pump: 

(a) Guarantee.cu. ft. per min. at 60°F. and 14.7 lb. per sq. in. abs. 

(h) Test (Item 124).cu. ft. per min. at 60°F. and 14.7 lb. per sq. in. abs. 

143. Total heat delivery to prime mover: 

(From Items 78 to 82).B.t.u. per hr. 

144. Total heat carried to condenser by exhaust steam 

(see pp. 490 and 491).B.t.u. per hr. 

145. Total heat carried from condenser by condensate 

(From Items 97 to 101).B.t.u. per hr. 

146. Total heat absorbed by condensing water 

(From Items 100 to 104).B.t.u. per hr. 
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147. Steam supplied to auxiliaries: 

(а) Absolute pressure at throttle.lb. per sq. in. 

(б) Quality of steam.per c^nt moisture or ®F, superheat 

148. Steam consumed by auxiliaries: 

(а) Guarantee.lb. per hr. 

(б) Test.lb. per hr. 

(c) Per cent of steam delivered to condenser.per cent 

149. Indicated horsepower or brake horsepower of auxiliaries: 

(a) Guarantee.hp. 

\h) Test.hp. 

160. Mechanical efficiency of circulating or tail pump 

(From Items 104 to 116).per cent 

161. Mechanical efficiency of condensate pump 

(From Items 129 to 134).per cent 

162. Mechanical efficiency of air-removal pump.per cent 

163. Volumetric efficiency of air-removal pump.per cent 

164. Average velocity of circulating water through tubes.ft. per sec. 

165. Heat transfer per degree Fahrenheit difference of temperature per square foot 

per hour (based on total surface, Item 14): 

(а) Using arithmetical mean.B.t.u. 

(б) Using logarithmic mean.B.t.u. 

156. Steam condensed per square foot of total surface per hour (Item 82 -5- Item 14) 

.lb. 

157. Circulating water per pound of steam condensed (Item 104 Item 99a).. . .lb. 
168. Circulating water per square foot of total condenser surface (Item 104 -r Item 

14).lb. 


Table XXXVIT.— Principal Data and Results of Condenser Test 

1. Dimensions of condenser and auxiliaries. 

2. Data regarding prime mover or other apparatus exhausting to condenser. . 


3. Data regarding types and special features of all auxiliaries. 

4. Date of test. 

5. Steam condensed per hour.lb. 

6. Auxiliaries: 

(a) Steam or power consumed by auxiliaries.lb. or kw. 

(6) Per cent of (a) to total steam or power of apparatus exhausting to 

condenser.per cent 

7. Absolute pressure at (condenser exhaust nozzle.lb. per sq. in 

8. Temperature of condensate in well.®F. 

9. Difference between temperature of steam entering condenser and temperature 

of water in hot well.®F. 

10. Circulating water: 

(o) Quantity.gal. per min. 

(b) Temperature at inlet.®F. 

(c) Temperature at outlet.®F. 

11. Heat transfer per degree Fahrenheit difference of temperature per square foot of 

condensing surface per hour: 

(a) Using arithmetical mean.B.t.u. 

(b) Using logarithmic mean.B.t.u. 


12. Volume of air removed per minute at 60®F. and 14.7 lb. per sq. in. abs... .cu. ft. 
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Table XXXVIII.— Supplementary Code 
Operation Independent from Condenser or Shop Test 
Air-vapor Removal Apparaius 

1. Reciprocating Dry Vacuum Type: 

(o) Absolute steam pressure at throttle.lb. per sq. in. 

(b) Quality steam at throttle .... ®F. superheat or .... per cent moisture. 

(c) Speed, in r.p.m. or strokes per minute (at which pump is designcid to operate) 


(d) Displacement of air piston.cu. in. 

(e) With items (a), (6), (c), and (d) constant determine: 

(1) Horsepower of steam cylinder, if steam driven.i.hp. 

(2) Horsepower of motor, if motor driven.b.hp. 

(3) Horsepower of air cylinders.i.hp. 

(4) Absolute pressure at exhaust steam nozzle.lb. per sq. in. 

(5) Absolute pressure at discharge air nozzle.lb. per sq. in. 


(6) Absolute pressure at air suction nozzles, with closed air suc¬ 
tion and handling various quantities of free air at ()0°F. and 
14.7 lb. per sq. in. abs. as measured by orifices or gasometer. . lb. per sq. in. 
(f) Plot curves: 

(1) Air handled absolute pressure at suction nozzle. 

(2) Air handled vs. i.hp. of steam cylinders. 

(3) Air handled vs. b.hp. if motor driven. 

(4) Air handled vs. mechanical efficiency. 

(5) Air handled vs. volumetric efficiency. 

2. Hydraulic Types: 

(a) Absolute steam pressure at throttle.lb. per sq. in. 

(b) Quality steam at throttle .... °F. superheat or .... per cent moisture. 

(c) Speed (at which pump is designed to operate).r.p.m. 

(d) Temperature of hurling water.®F. 

(e) Quantity of hurling water.gal. per min. 

(f) With items (a), (6), (c), (d), and (e) constant determine: 

(1) Horsepower of driver (turbine or motor).b.hp. 

(2) Absolute pressure of hurling water at suction nozzle.lb. per sq. in. 

(3) Absolute pressure at pump discharge nozzle.lb. per sq. in. 

(4) Absolute pressure at air suction nozzle, with closed air suction 
and handling various quantities of free air at 60°F. and 14.7 

lb. per sq. in. abs. as measured by orifice or gasometer.lb. per sq. in. 

(g) Plot curves: 

(1) Air handled vs.^ absolute pressure at suction nozzle. 

(2) Air handled vs. b.hp. of driver. 

(h) Data for other curves can be determined, if dc^sired, by varying amount of 

hurling water, or temperature of hurling water. 

3. Steam Air Ejectors: 

(a) Absolute steam pressure at throttle.lb. per sq. in. 

(b) Quality of steam at throttle.°F. superheat.or per cent moisture 

(c) Quantity of steam used by first-stage nozzles.lb. per hr. 

(d) Quantity of steam used by second-stage nozzles.lb. per hr. 

(e) Temperature of water entering intercooler (if any, surface or jet).®F. 

' The use of vs. (versus) in connection with curve plotting means that the two 
varying quantities mentioned, one preceding it and the other following, are to be used 
as the coordinates for the curve to be plotted. 
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(f) Quantity of water used in intercooler.gal. per min. 

(ff) Amount of condensate from intercooler [item (c)] ,(if surface).lb. per hr. 

(h) With items (a), (6), (c), (d), (e), (/), and (g) constant determine: 

(1) Absolute pressure at main air suction nozzles.lb. per sq. in. 

(2) Absolute pressure at second-stage suction nozzles.. .lb. per sq. in. 

(3) Temperature of air vapor at second-stage suction nozzles.°F. 

(4) Absolute pressure at exhaust nozzles.lb. per sq. in. 

(6) Temperature of water leaving intercooler.®F. 

(6) Temperature of condensate leaving intercooler, with closed air suction 

and handling various quantities of free air as measured by orifice or 

gasometer.®F. 

(t) Plot curves: 

(1) Air handled vjiJ absolute pressure at main suction nozzle. 


(2) Air handled vs. absolute pn\ssure at second-stage suction nozzle. 

(j) Data for other curvcis can be determined, if desired, by varying the steam 

pressure at throttle, exhaust pressure or temperatures and quantity of water 
used by intercooler. 

( k ) Note. —To conduct this test it is necessary to have a receptacle under vacuum 
into which the drains from the intercooler can be discharged. Air pumps 
operating in connection with condensers do not handle dry air but saturated 
air so that an independent or shop test handling dry or free air is not a criterion 
of the effectiv(uiess of tlui apparatus in actual operation. These tests are made 
generally to determine if the makcr^s guarantee has been fulfilled, as guarantees 
on th(‘ air-removal apparatus are usually based on free-air handling capacity. 
Independent or shop tests can be made with air saturated by mechanical 
means but it is a v(‘ry difficult matter to duplicate condenser conditions and a 
code covering this method of testing air-vapor removal apparatus has not been 
included. 

A.S.M.E. TEST CODE (1923) FOR FEED-WATER HEATERS (ABRIDGED) 

This code applies to open and closed boiler feed-water heaters, and with 
slight modifications to suit special conditions it may apply to heaters for 
heating water for any purposes when the heating element is either live 
or exhaust steam. In the open-type heater the heating steam mixes 
directly with the water to be heated. In the usual arrangement of closed- 
type heater the water passes through tubes surrounded by the heating 
system, though this arrangement may be reversed. 

A feed-water heater is designed to heat a certain quantity of water 
through a given temperature range with a certain steam tempera¬ 
ture or pressure available, with a limited loss of friction head in water 
flowing through the heater, and with a limited loss of steam through 
vents or stack. 

There may be several objects of the tests, but usually they are conducted: (a) to 
determine whether the heater meets the designed conditions; (b) to determine the 
variation of temperature rise of water and friction drop in water with capacity in the 
case of closed heaters; (c) to determine the closeness with which the outlet-water 

> The use of vs. (verstis) in connection with curve plotting means that the two 
varying quantities mentioned, one preceding it and the other following, are to be 
used as the coordinates for the curve to be plotted. 
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temperature approaches the steam temperature corresponding to the pressure in the 
open heater. 

The heat-transfer coefficient is a useful and interesting item in connection with the 
analysis of a test of a closed feed-water heater. The heat-transfer coefficient is not, 
however, the sole measure of the merit of a heater. 

Instruments and apparatus required for a heater test consist of the following: 

o. Barometer, preferably of the mercurial type. 

6. Mercury columns for measuring vacuums and low pressures, having scale 
graduations of not greater than 0.1 inch with vernier attachment. 

c. Bourdon gages for measuring pressures when too high for mercury columns. 

d. Thermometers: (1) For determining temperatures of feed water, condensate 

and vapors—graduated by half degrees and with scale readings from 32 to 300 or 
350®F. (2) For determining steam temperature, graduated in degrees with scale 

readings from 32 to 300 or 350°F. 

e. Tanks and platform scales for measuring water (or water meters calibrated in 
place under conditions of use). 

/. Steam calorimeter, throttling or separating, depending upon amount of moisture 
present and pressure. 

g. Apparatus for testing oxygen content of water. ^ 

It is desirable that, wherever possible, observation of rate of water flow, pressures, 
and temperatures be obtained by continuous recording instruments, in addition to the 
observations made by the more precise instruments for instantaneous mcasurcunents. 

Precisely the same testing apparatus for measuring the quantity of steam con¬ 
densed in the case of closed heaters may be employed as that used for testing the 
engine, turbine, or other steam machinery supplying the feed-water heater (see 
Codes for Steam Engines, Steam Turbines, etc.). For measuring feed water the 
same kind of apparatus may be employed as that used in pumping-tmgine or water¬ 
wheel tests, such as weirs, nozzles, orifices, and Pitot tubes (page 184). 

Open Heaters—Installation, Test, and Calculation of Results.— 

In the open heater, which is also sometimes referred to as the “direct- 
contact” heater, in which the steam mixes directly with the water, it is 
possible so to design the water-distributing system that, over a wide range 
of capacity, the water will be heated to within a few degrees of the steam 
temperature corresponding to the pressure in the heater. In most open 
feed-water heaters the purpose is not only to heat the water but to filter 
or treat the water as well, and in these cases arrangements must be made 
to obtain analyses of the water entering and leaving the heater. Open 
feed-water heaters are also frequently used for partial deaeration of the 
water, and in such cases means should be provided for sampling the water 
and determining its oxygen content.^ 

Inasmuch as the open feed-water heater serves as a storage tank 
supplying the boiler-feed pumps, the time required to empty the heater 
during normal operating conditions in case of failure of the supply of 
water to the heater is very important in establishing the rated capacity 
and size of heater. Of equal importance in establishing heater capacity 
is the time lag between the occurrence of an insufficiency of steam for a 

‘ The determination of the oxygen content of feed water is a chemical test. It is 
not difficult and may be made by an unskilled operator. 
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desired outlet temperature and the appearance of this improper tem¬ 
perature at the water outlet. 

Closed Heater—Installation, Test, and Calculation of Results.— 

In a closed feed-water heater there is a definite relation between the 
capacity and outlet-water temperature which is determined by the ability 
of the surface to transfer heat. This ability of the surface to transfer heat 
under any given set of conditions is measured by the heat-transfer 
coefficient. The principal items affecting the value of the heat-transfer 
coefficient are (a) tube type, length, and arrangement; (b) water velocity; 
(c) condition of tubes as regards the presence of a film of scale, oil, or 
dirt; and (d) the presence of accumulated air in the steam space of the 
heater. 

During the test of the closed heater, as well as during operation, pro¬ 
vision should be made to keep the shell thoroughly drained of condensate 
and vented of air. 

The thermometer in the steam space must not be installed where 
there is liable to be an air pocket nor may it be near a cold-water manifold. 
If near cold tubes it must be shielded for radiation. 


Calculation of Results.—The logarithmic heat-transfer coefficient expressed in 
B.t.u. per hour per square foot of surfac.e per degree of logarithmic mean temperature 
difference (page 492) is computed from the following formula: 




in which K — heat transfer coefficient, 

10 = pounds of water per hour. 

S = heating surface, measured on the outside of the tubes, in square feet. 

U = steam temperature in heater (if s\iperheated steam is supplied, use 
temperature of saturated steam at the pressure in heater). 
ti = inlet water temperature. 
to = outlet water temperature. 

After working up the items tabulated, it is desirable to plot the results on logarith¬ 
mic paper (page 628). The heat-transfer coefficient when plotted against the velocity 
of water in the tubes almost invariably gives a straight line on logarithmic paper. 
This curve then gives the data for determining the constant a and the exponent n in 
the equation. 

K — av”, 

in which K = heat-transfer coefficient and v = velocity of water, in feet per second. 

Friction drop when plotted against velocity usually gives a straight line on log¬ 
arithmic paper which serves to determine the constant b and the exponent m in 
the friction drop formula, 

H - hLv”^y 


in which H « total friction drop, in pounds per square inch. 

L =* length of a single tube, in feet (if multipass, length of total path of travel 
of water in heater). 

V =* velocity of water, in feet per second. 
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Table XXXIX.— Data and Results of Test Code fob Open Feed-water 

Heaters 

General Information 

(1) Date of test; (2) location of plant; (3) owner; (4) builder; (6) test conducted by, 
(6) object of test. 

Descriptions and Dimensions^ Data, Etc. 


7. Type of heater. 

8. External dimensions of heater. 

9. Gross volume of heater.cu. ft. 

10. Weight of heater, empty.lb. 

11. Weight of heater when operating (including water).lb. 

12. Volume of steam space.cu. ft. 

13. Shape and dimensions of steam inlet opening into heater.in. 

14. Size of water inlet.in. 

15. Size of water outlet.in. 

16. Material of shell. 

17. Volume of water in heater at operating water level.cu. ft. 

18. Volume of water between overflow level and l(^V(il at which make-up valve will 

open.cu. ft. 

19. Rated capacity of heater, water per hour.lb. 


20. Location of thermometers. 

21. Number and arrangements of baffles or trays. 

22. Description of filtering or purifying arrangement. 

23. Size and arrangement of venting connections. 

24. Description of metering apparatus installed in heater 

25. Description of automatic steam and water control... 

26. Description of water-distributing boxes. 

27. Nature and amount of insulation on heater. 

28. Duration of test. 


29. Barometer reading as observed.in. of mercury 

30. Room temperature.°F. 

31. Quantity of water admitted to heater.lb. per hr. 

32. Inlet-water temperature.®F. 

33. Outlet-water temperature.°F. 

34. Steam pressure in heater, gage.lb. per sq. in. or in. of mercury 

34o. Absolute steam pressure in heater.lb. per sq. in. 

35. Steam temperature in heater, by thermometer.°F. 

36. Steam temperature at inlet, by thermometer.®F. 

37. Steam used per hour.lb. 

38. Total water discharged from heater.lb. per hr. 

39. Volume of water in mixing compartment of heater.cu. ft. 

40. Volume of water in storage compartment of heater.cu. ft. 

41. Pressure drop from steam end of heater to vent end.lb. per sq. in. 


42. Time lag between occurrence of steam deficiency and change of outlet temperature 

43. Analysis of water entering heater. 

44. Analysis of water leaving heater. 

45. Oxygen content of water entering heater. 

46. Oxygen content of water leaving heater. 
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CompiUed and Deduced Results 

47. Steam temperature corresponding to absolute pressure in heater.®F. 

48. Quality of steam supplied to heater .... per cent moisture or .... ®F. superheat 

49. Temperature difference between steam temperature corresponding to heater 

pressure and outlet water temperature.®F. 

50. Steam theoretically required per pound water.lb. 

51. Steam used per pound water, actual.. ..lb. 

52. Time required to empty heater when operating at rated capacity.hr. 

53. Steam lost up stack.lb. per hr. 


Table XL.— Data and Results of Test Code for Closed Feed-water Heaters 


General Information 
(Same as for Table XXXIX) 

Descriptions and Dimensions^ Data^ Etc. 


7. Type of heater. 

8. Position of heater, horizontal or vertical. 

9. Condition of heating surface. 

10. Number of tubes. 

11. Number of pas.ses. 

12. Ijeiigth of single tube.ft., in 

13. Distance of travel of water through heater.ft., in 

14. Special type of tube, description. 

15. Outside diameter of tube.in 

16. Thickness of tube.in 

17. Heating surface, of tubes, outside of tubes.sq. ft 

18. Diameter of heater over shell.ft., in 

19. Ixmgth of heater over shell.ft., in 

20. Thickness of shell.in 

21. Material of tubes. 

22. Material of shell. 

23. Weight of heater, empty.lb 

24. Weight of water in heater.lb 

25. Gross volume of heater.cu. ft 

26. Shape and dimensions of steam inlet opening into heater .in 

27. Arrangement of steam supply pipes into heater. 

28. Size of water inlet and outlet.in 

29. Size of drain.in 


30. Type and size of drain trap. 

31. Location and type of air vents. 

32. Arrangement of baffles. 

33. Nature and amount of insulation on heater 


34. Location of thermometers. 

35. Duration of test. 

36. Barometer reading as observed.in. of mercury 

37. Room temperature.®F. 


38. Quantity of water through heater.lb. per hr. 

39. Steam pressure in heater, gage.lb. per sq. in. or in. of mercury 

39a. Absolute steam pressure in heater.lb. per sq. in. 

40. Steam temperature in heater by thermometer.®F. 

41. Drain temperature.®F. 


42. Vent temperature by thermometer 


op 















































606 


POWER PLANT TESTING 


43. Steam temperature at inlet by thermometer.®F. 

44. Inlet-water temperature.®F. 

46. Outlet-water temperature.®F. 

46. Weight of steam used.lb. per hr. 

47. Inlet-water pressure, gage.lb. per sq. in. 

48. Outlet-water pressure, gage.lb. per sq. in. 

49. Water-pressure drop by differential mercury column.in. 

Compvied and Dedmed Resvlts 

60. Velocity of water in tubes...ft. per sec. 

61. Steam temperature in heater corresponding to absolute steam pressure.®F. 

62. Quality of steam supplied to heater ... per cent moisture or ... °F of superheat 

63. Temperature rise.°F. 

64. Logarithmic heat-transfer coefficient, in B.t.u. per hour per square foot of surface, 

per degree of logarithmic mean temperature difference (p. 603). 

65. Weight of steam theoretically required per pound of water, computed from heat 

balance.lb. 

66. Weight of steam used per pound of water.lb. 

67. Water-pressure drop in heater.lb. per sq. in. 

58. Steam lost up stack.lb. per hr. 


















CHAPTER XX 


TESTING OF ATMOSPHERIC WATER-COOLING EQUIPMENT- 
COOLING TOWERS, SPRAY NOZZLE INSTALLATIONS AND 
COOLING PONDS (ABRIDGED) 

This Code is designed to be used when conducting tests of atmospheric 
water-cooling equipment in which heat transfer from water to the atmos¬ 
phere occurs when the fluids are in contact, and is mainly due to 
evaporation. 

There is a large variety of apparatus employed for this purpose, 
of which the following are examples: (a) chimney or natural-draft cool¬ 
ing towers; (6) mechanical-draft cooling towers, with or without chimney; 
(c) atmospheric or wind towers, with or without chimney; (d) spray-nozzle 
installations; (e) natural or artificial ponds and reservoirs, with or without 
spray nozzles. 

When the object is to obtain data to be used for the calculation 
of water-cooling effect available for power or for other purposes, investi¬ 
gations covering the cooling effected by surface evaporation in ponds, 
lakes, or reservoirs under various atmospheric conditions may be compli¬ 
cated where there is an auxiliary cooling apparatus such as a spray 
system installed over a pond or reservoir. 

Water-cooling equipment is usually guaranteed to cool a definite 
quantity of water through a definite temperature range with definite 
temperatures of air and humidities (or wet-bulb temperatures), and with 
some types of apparatus it is sometimes necessary to specify wind veloci¬ 
ties. A guarantee is also frequently made covering the amount of 
make-up water required to allow for losses and the power consumed by 
auxiliaries. 

Ordinarily the total water loss is made up of two components: (1) 
evaporative loss due to evaporation of a definite fraction of the water 
cooled in giving up its heat to the air and (2) windage loss or loss due to the 
mechanical entrainment of water globules in the air current. 

The evaporative loss is a function of the cooling range and the wet- 
bulb temperature, so that, where the cooling plant serves condensing 
apparatus, this loss varies from 60 per cent (in winter) to 90 per cent 
(in summer) of the condensate. The evaporative loss may be calculated 
and subtracted from the total loss to determine windage and other losses. 

As definite guarantee atmospheric conditions are practically impossi¬ 
ble to duplicate in a test, it is desirable that curves be furnished to show 
the guaranteed performance of the apparatus over a considerable range 
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of atmospheric conditions, when varying quantities of water are cooled. To 
accomplish this, reference to the wet-bulb temperature of the atmosphere 
has practically superseded reference to the dry-bulb temperature and rela¬ 
tive humidity as a basis for stating cooling-tower performance, for all types 
of cooling equipment except the chimney or natural-draft cooling tower. 

For chimney or natural-draft cooling towers, however, it is not 
strictly permissible to refer performance to wet-bulb temperatures alone 
on account of the variation in density of the atmosphere at any given 
wet-bulb temperature with different combinations of dry-bulb tempera¬ 
tures and relative humidities and the effects upon the draft of this varia¬ 
tion of atmospheric density. For such towers, therefore, it will be 
necessary to refer performance to a combination of the dry-bulb or the 
wet-bulb temperature with the relative humidity as a basis. 

To obtain wet- and dry-bulb air temperatures for determining humid¬ 
ity, a sling psychrometer (page 441) or other approved mechanically 
ventilated dry- and wet-bulb thermometers should be used. All read¬ 
ings should be taken to windward of the cooling plant, thus avoiding the 
warm moist air discharged by it, which raises the wet-bulb temperature to 
leeward and so might introduce a serious error in an observation taken in 
that direction. 

It is important that the muslin covering for the wet-bulb thermometer 
be kept in good condition. The evaporation of water from the muslin 
always leaves in its meshes a small quantity of solid material which sooner 
or later somewhat stiffens the muslin so that it does not readily take up 
water. This will be the case if the muslin does not readily become wet 
after being dipped in water. On this account it is desirable to use as 
pure water as possible—preferably distilled water—and also to renew 
the muslin from time to time. New muslin should always be washed to 
remove sizing before being used. If desired, knitted wet-bulb jackets 
can be obtained from thermometer dealers. 

To make an observation, the wet bulb is thoroughly saturated with 
water by dipping it into a small cup or wide-mouth bottle. The ther¬ 
mometers are then whirled rapidly for 15 or 20 seconds, stopped, 
and quickly read, the wet bulb first. This reading is kept in mind, the 
psychrometer immediately whirled again, and a second reading taken. 
This is repeated three or four times, or more, if necessary, until at least 
two successive readings of the wet bulb are found to agree very closely, 
thereby showing that it has reached its lowest temperature. A minute or 
more is generally required to secure the correct temperature. 

The sling psychrometer will give an accurate reading of the true 
wet-bulb or equilibrium temperature of water evaporating adiabatically 
in air, if swung at a rotational velocity at the bulb of not less than 
1,000 feet per minute.^ 

' See paper by W. F. Carrier and Daniel C. Lindsay, Temperatures of Evaporation 
of Water into Air, Trans. A.S.M.E., 1924. 
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When the air temperature is near the freezing point, it often happens 
that the temperature of the wet-bulb thermometer will fall several degrees 
below the freezing point, but the water will still remain in a liquid state. 
No error results from this, provided the minimum temperature is reached. 
If, however, as frequently happens, the water suddenly freezes, a large 
amount of heat is liberated, and the temperature of the wet bulb imme¬ 
diately becomes 32°F. In such cases it is necessary to continue the whirl¬ 
ing until the ice-covered bulb has reached a minimum temperature. 

If a psychrometer is used out-of-doors when the sun is shining^ it 
should be whirled in the shade of a building or tree or, as may sometimes 
be necessary, under an umbrella. In all cases, there should be perfectly 
free circulation of the air, and the observer should face the wind, whirling 
the psychrometer in front of his body. It is a good plan, while whirling, 
to step back and forth a few steps to further prevent the presence of the 
observer’s body from giving rise to erroneous observations. 

The determination of wet- and dry-bulb temperatures at the dis¬ 
charge of cooling towers is extremely difficult on account of particles of 
water which are mechanically entrained in the air and also because of 
eddy currents which are frequently induced by the comparatively large 
discharge openings. The thermometers used at the discharge of a cooling 
tower should be protected by .some kind of moisture separators to remove 
the mechanically entrained water and also to shield them from extraneous 
wind or eddy currents. Results of calculations based on wet- and 
dry-bulb temperatures obtained at the discharge of a cooling tower, 
unless unusual precautions are taken, must be used with caution. 

Air velocities and quantities may be measured by means of an anemom¬ 
eter by dividing a cross section of the air current into comparatively 
small areas and determining the air velocity in each small area. The 
velocities thus obtained are then averaged to determine the average 
velocity over the entire cross section. This method of determining air 
quantities is subject to many difficulties in its operation, and the results 
obtained, unless great care is taken to guard against eddy currents, 
should be considered as approximate only. 

In testing wind towers and spray-nozzle and surface-cooling plants, select a point 
to windward of the plant having \inobstructed exposure to the breeze and make 
5-minute anemometer runs. 

If a test of a spray installation is made, the spray heads should be thoroughly 
cleaned before proceeding with the test. Approximate determination of the nonclog- 
ging characteristics of a spray nozzle may be obtained by passing steel balls of various 
sizes through the water channel. For practical operation it may be assumed that the 
nozzle which will pass the larger ball freely through its water passage will be least 
subject to clogging by foreign material. 

Calculation of Results. —The calculation of heat balance is only 
possible for that apparatus with which it is possible to obtain compara- 
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lively accurate data covering the air condition leaving the tower (see 
page 509) and does not apply to wind towers, spray-nozzle plants, or 
surface-cooling ponds. Since the heat given up by the water must equal 
that absorbed by the air (radiation being considered negligible), the 
heat balance as calculated from the data obtained must show a practical 
agreement between these quantities. Also the amount of air required 
(Item 76 in the tabulation below) as estimated from the heat balance 
should agree with the amount of air entering the tower as measured 
(Items 64 and 77). 

Let W = pounds of water entering cooling tower per minute calculated 
from Item 44 in the A.S.M.E. Test Code (page 512). 

A = pounds of dry air entering cooling tower per minute (calcu¬ 
lated)^ from Items 36, 37, 38, 39 and 64. 

twi = temperature of water entering tower (Item 45). 

tw 2 = temperature of water leaving tower (Item 46). 

tai = temperature of air entering tower (Item 37). 

ta 2 = temperature of air leaving tower (Item 66). 

S = specific heat of air (0.242 B.t.u. per pound). 

Ml = specific humidity at entrance (pounds of vapor per pound of 
air),^ calculated from Items 36, 37, 38, 39, and psychrometric 
chart (page 442). 

M 2 = specific humidity at exit (pounds of vapor per pound of air), 
calculated from Items 36, 66, 67, 68, and psychrometric chart. 

Hmi = heat content (enthalpy)^ of Mi pounds of vapor at temperature 
tai] calculated from Items 36,37,38,39, steam table (Appendix), 
and psychrometric chart. 

Hfn 2 = heat content (enthalpy) of M 2 pounds of vapor at temperature 
ta 2 ; calculated from Items 36, 66, 67, 68, steam table and psy¬ 
chrometric chart. 

Hvfi = heat content (enthalpy) of cooling water entering tower per 
pound of dry air entering tower. 

Hw 2 = heat content (enthalpy) of cooling water leaving tower per 
pound of dry air entering tower. 

Hal = heat content (enthalpy) of moist air per pound of dry air 
entering tower. 

Ha 2 = heat content (enthalpy) of moist air per pound of dry air 
leaving tower. 

^ For similar calculations requiring the determination and the use of the relative 
humidity of air, see Moyer and Fittz, “Air Conditioning,*^ McGraw-Hill Book Com¬ 
pany, Inc., New York, 1933. 

* All values of heat content (enthalpy) are referred to dry air at 32°F. or to satu¬ 
rated liquid water at 32°F. For definitions of Enthalpy quantities, see Moyer, 
Calderwood and Potter, “Elements of Engineering Thermodynamics,** 6th ed., p. 74, 
John Wiley & Sons, Inc., New York, 1932). 



TESTING OF ATMOSPHERIC WATER-COOLING EQUIPMENT 511 


'I'llCn Hwl ^^v>2 Ha2 

W W 

Hu,i = - 32) and /f „,2 = ^{tt .2 - 32) - (Ma - Mi){U - 32). 

W 

Hvfl — Hw2 = *“ tw^ + {M 2 Mi)(^u,2— 32). 

^ol == {ta\ — 32) jS + IIm\» 

Ha2 = (^a2 32)S + ^m2* 

//o2 ““ H^al = >S(^a2 ^al) + (ffm2 -ffml). 

^if;2) + (-3^2 ~ M'^{tw2 — 32) = S{ta2 — ^al) H" (^7*112 ““ Hml) • 

A _ W fttpl tw^ _ 

S{ta2 - tal) + (Hm2 - Hml) “ {M 2 “ Mi){L2 " 32)* 

A.S.M.E. TEST CODE (1929) FOR ATMOSPHERIC WATER-COOLING 

EQUIPMENT 

General Information 

(1) Date of report; (2) place of test, prevailing direction and moan velocity, in 
miles per hour, of summer winds at site; (3) cooling water for; (4) object of test; (5) 
test conducted by; (6) name of manufacturer. 

Description and Dimensions 

Cooling Tower: (7) Compass bearing of major axis on all wind towers; (8) type of 
tower; (9) dimensions horizontal and vertical sections including chimney, if any; (10) 
size and depth of reservoir (if any); (11) type of water distributor; (12) location of 
water distributor; (13) type of filling or splash and distributing decks; (14) arrange¬ 
ment and depth of filling; or numlier, dimensions and spacing of splash, and distribut¬ 
ing decks; (15) material of filling or decks; (16) distance from center of distributor 
to water level in reservoir; (17) number and size of fans (if any); (18) type of fans, 
dimensions and drive; (19) location of fans. 

Surface or Spray Cooling: (20) Compass bearing of major axis on all plants; (21) 
type of spray nozzles, if any; (22) number and size of spray nozzles; (23) number of 
nozzles and arrangenumt in group; (24) distance between spray groups and group 
lines; (25) height of spray nozzles above water level in reservoir; (26) size of reservoir 
(at water line), in feet; (27) area of reservoir, in square feet; (28) average depth of 
reservoir, in feet; (29) capacity of reservoir, in cubic feet; (30) baffle arrangement in 
reservoir (if any); (31) location of inlet and outlet from reservoir; (32) source of 
make-up water; (33) special features. 

Table XLI.— Data and Results op Water-cooling Equipment Tests 
Data and Duration 

(34) Date of test; (35) duration of test in hours 

Average Atmospheric Conditions 

(36) Barometer, in inches of mercury (corrected for temperature); (37) tempera¬ 
ture of atmosphere, in degrees Fahrenheit; (38) temperature of wet-bulb ther¬ 
mometer, in degrees Fahrenheit; (39) relative humidity, in per cent; (40) direction of 
wind; (41) velocity of wind, in miles per hour; (42) weather (clear or cloudy); (43) 
rainfall during test, in inches (if any). 
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All Equipment Test Data 

44. Amount of water cooled.gal. per min. 

45. Temperature of water entering sprays, tower, or reservoir.°F. 

46. Temperature of water leaving reservoir.°F. 

47. Make-up water used.gal. per min. 

48. Temperature of make-up water.°F. 

49. Level of water in reservoir at start of test.ft. 

60. Level of water in reservoir at end of test.ft. 

51. Temperature^ of water in reservoir at start of test.°F. 

52. Temperature^ of water in reservoir at end of test.°F. 

63. Loss of water in per cent of total circulated.per cent 

64. Overflow from reservoir (if any).gal. per min. 

55. Area drained by reservoir.acres 

56. Average run-off.per cent of rainfall 

67. Reservoir leakage. 

58. Pressure of water at center line of distributor or at the spray nozzles , lb. per sq. in. 

59. Pressure of water at entrance of tower or spray system.lb. per sq. in. 

60. Total water head (p. 548) required for operation.ft. 

Mechanical Draft and Chimney Towers 

61. Speed of fans (if any).revolutions per min. 

62. Power required to drive fans.bp. 

63. Steam required to drive fans.lb. per hr. 

64. Air handled. cu. ft. per min. 

65. Air pressure or draft in base of tower.in. water 

66. Dry-bulb temperature of air leaving tower.®F. 

67. Wet-bulb temperature of air leaving tower.°F. 

68. Relative humidity of air leaving tower.per cent 

69. Water cooled per square foot of cross section of tower, horizontal, gal. per min. 

70. Air per scjuare foot of cross section of tower. cu. ft. per min. 

Heat Balance 

71. Water entering tower per pound of dry air per minute (calculated from Items 

44, 64, 37, and 39).*.lb. 

72. Vapor per pound of dry air entering tower (calculated from Items 36, 37, 

38, 39, and psychrometric chart (p. 442))..lb. 

73. Vapor per pound of dry air entering tower (calculated from Items 36, 66, 

67, 68, and psychrometric chart.lb. 

74. Heat given up per pound of water entering tower.B.t.u. 

75. Heat absorbed per pound of dry air entering tower.B.t.u. 

76. Air at temperature (Item 37) and humidity (Item 39) required 

as calculated from heat-balance equation.cu. ft. per min. 

77. Air at temperature (Item 37) and humidity (Item 39) as deter¬ 

mined from actual air measurement.cu. ft. per min. 

^ It is advisable to measure the teinpcratixre of water in a reservoir or pond at 
different places and depths to determine if possible the path of circulation and how 
much of the volume of the pool is used effectively. 

































CHAPTER XXI 


TESTS OF HOISTS, BELTS, AND FRICTION WHEELS 

Hand-operated Hoists. —The simplest form of hand hoist is the 
block and tackle, consisting of two “blocks’’ (upper and lower), which 
serve as frames for mounting one or more pulleys on each. The upper 
or stationary block is provided at the top with a hook for attaching 
the block and tackle to an overhead support, while the lower 
or movable block has at the bottom another hook for the 
attachment of the load to be raised. One end of the hoisting 
rope is fastened to the upper block, the other end being 
wound alternately over the pulleys in the upper and lower 
frames until it hangs free. The lifting force is applied to 
this free end. 

Chain Hoists. —The block-and-tackle hoist will run back¬ 
wards when the lifting force on the free-end is removed. To 
avoid this disadvantage, chain hoists have been designed 
that have automatic load-supporting power. A hoist of this 
kind has an upper hook for attachment to an overhead sup¬ 
port, a lower hook for the attachment of the load, and an 
endless chain for supporting the load and the application of 
the lifting force, as shown in Figs. 293 to 294. The one 
shown in Fig. 293 is a differential hoist, which has in the 
upper block two metal sheaves that are rigidly joined. 

These sheaves are of slightly different diameters and each 
has link 'pockets around its circumference into which the links 
of the chain fit to prevent the slipping of the chain on these Fiu. 293 . 
sheaves. The lower block has only one sheave which is pi/ferentiai 

hoist. 

merely grooved like those in a block and tackle (not notched 

with link pockets), thus allowing the chain to slide so that the lower block 

may always be at the bottom of the loop of the chain supporting it. 

The automatic load-supporting power of this hoist is due to the small 
difference in diameter of the sheaves in the upper block, the larger one 
having one extra link pocket. This makes the multiplication ratio of 
the power applied to the load carried too small to overbalance the 
friction of the parts, so that the load is automatically sustained at any 
point, making the hoist self-locking. In the differential hoist there is 
one continuous chain. 

The worm hoist (sometimes called “duplex”) consists of a link-pocket 
sheave B mounted on the shaft of a 'wor'm (Fig. 293a). A continuous 
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chain A passes over the sheave B, The lifting power is transferred 
from this chain, first, to the worm and then to two link-pocket sheaves 
attached to opposite ends of the shaft of the worm wheel It has two 
continuous chains, one for the sheave B (lifting power) and the other 
for the two load sheaves D, The load chain is attached to the swivel 



Fig. 293a.—Duplex hoist. Fro. 294.—Upper blocjk of triplex hoist. 



hook //. Its two ends are fastened to the hook for supporting the load 
as shown in the figure and pass over the two load sheaves D, with the 
slack hanging in a loop. The load is raised or lowered by the lifting 
force applied to opposite sides of this loop. The non-reversability of 
worm gears is utilized to sustain the load in any position. 

The spur-geared hoist (sometimes called ‘Hriplex”) is shown in 
Fig. 294. In this hoist the lifting force is transmitted through a spur- 
gear train, ‘^sun-and-planet” gears,^ and load-lifting sheaves. Two 
separate chains are used, one for the attachment of the load and another 

1 For explanation of ^^sun-and-planet*' gears in similar devices, see James A. 
Moyer, Gasoline Automobiles,^* 4th ed., p. 390, McGraw-Hill Book Company, Inc., 
New York. 1932. 














TESTS OF HOISTS, BELTS, AND FRICTION WHEELS 


515 


for the lifting force. The load is held in any position by the operation 
of a mechanical brake, consisting of a ratchet and pawl that engage on 
friction plates. To lower a load, the lifting or operating chain is pulled 
in the reverse direction from that for raising the load, thus disconnecting 
the friction plates. It has a higher efficiency than other types. 

In the operation of this hoist the lifting force is applied by the oper¬ 
ating chain to its sheave and then to the shaft H, to which the lifting 
sheave is attached. This lifting force is then transmitted to the two 
spur gears G, G on the short shafts Sy S attached to the circular frame 
F keyed to the hub of the hoisting chain Collar C. Attached to the face 
of each of the gears (7, G are small intermediate gears 0, 0 (shown by 
dotted lines). These intermediate gears serve to rotate 
the circular gear frame F, by rolling around the face of a 
gear with internal teeth (t, t). This gear is a part of the 
main frame of the hoist. This combination of gears makes 
the sun-and-planet system. The automatic locking device 
in this hoist is designed to operate by the force of gravity 
of the load, and consequently there is less friction in its 
operation than in other types. This braking mechanism 
operates so that, when the load is raised, the hand wheel W 
advances on the screw thread T of the brake collar By thus 
clamping the leather disk L to the ratchet Ry which 
operates as a unit with the brake collar B and the hand 
wheel W when a load is being raised. 

The brake collar B is attached to the chain-wheel 
shaft 77. When a load has been raised as far as required, 
the load is prevented from falling by the engagement of 
the pawl P on the ratchet wheel R] and as this ratchet 
wheel is clamped to the brake collar B, the load is 
automatically prevented from falling, until a backward pull is exerted on 
the hand chain to relieve the pressure on the pawl P. 

Velocity Ratio of Hoists.—Differential hoists (see Fig. 295) are 
more complicated than the ordinary chain or rope hoist. In this appa¬ 
ratus, as shown in the standard books on the theory of mechanism, the 
velocity ratio Vr is expressed according to the dimensions in the figure by 



2R 
Ri - 7e. 


It is difficult, however, to measure accurately the radius of these wheels 
on account of the irregular surface made for gripping the links. Now 
since the circumferences of these wheels are proportional to the radiiy 
the velocity ratio Fr may be determined by counting the number of link 
pockets in each of the wheels, and its value will be given as shown by the 
equation by the ratio of twice the number of link pockets in the larger 
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wheel divided by the difference between the number of link pockets in 
the larger and the smaller wheels. 

In other types of hoists where the foregoing method is not applicable 
and the diameters cannot be readily measured, the velocity ratio can 
be determined by tying a piece of string on a link of the “load^^ chain 
(or rope), as the case may be, opposite some fixed part of the hoist and 
marking in the same way a point on the chain (or rope) to which the 
pull is applied. Now when the “load’' chain has been moved a measured 
distance, the corresponding movement of the lifting force can be meas¬ 
ured. Several observations should be made to eliminate probable 
errors in the measurements. Velocity ratio is usually expressed by 
making the second member of the ratio unity, thus 13 to 1, 4 to 1, etc. 

EflSciency of Hoists. —An efficiency test of a hoist is made by deter¬ 
mining the ratio between the work done in lifting the load to that applied 
to the hand chain (or rope). Stated briefly, this determination is made 
by raising a known weight, observing at the same time, by means of a 
spring balance fastened to the hand chain (or rope), the pull or force 
required to keep the load moving after it has been started. Allowance 
must be made, of course, for the number of times the power is multiplied, 
that is, the relative velocity value. 

On account of the great friction at starting, the reading of the spring 
balance should be made when constant after starting by hand.^ Deter¬ 
minations should also be made w^hen the load is being lowered, but 
these results should not be averaged with those for raising the load, 
because a hoist is generally used only for raising loads. 

The actual or direct efficiency E of a hand hoist when raising a load 
is the ratio of the actual mechanical advantage to the theoretical 
mechanical advantage Mt. 

By using the following notation: 

W = load on hoists, in pounds. 

L = distance load is proved, in feet. 

V) = weight on hand chain to raise load, in pounds. 

I = distance weight on hand chain is raised^ in feet. 

Actual mechanical advantage Ma of the hoist is 


Theoretical mechanical advantage Mt of the hoist is 

m.-L 

‘ If the spring balance is used in the inverted position, its weight must be added 
to the pull. Also the weight of the scale pans used for supporting the weights must 
be added to the load raised. 
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Actual efficiency E of hoist is 


jp 

Mt wf 


Friction work F of hoist is 



F = WL, 

Determination of Tension in Belts and Rope Drives. —Tests are often 
required to determine the power transmitted by belts and ropes for 
specified conditions of load, speed, tension, and the coefficient of friction 
between these and the pulleys on which they run. Suitable apparatus 
for such tests consists of a device with which the belts or ropes can be 
operated with different tensions. Usually the load is not increased 
beyond the limit producing 3 per cent slip.' 

The initial tension in the belt or rope should 
be measured when at rest. 

Testing of Belts. —For determining the 
qualities of belts as regards power transmis¬ 
sion and the coefficient of friction, belt tests 
are desirable. Sometimes belts or pulleys of 
different materials are to be compared, while 
again tests may be required to determine the fiq. 296.—Belt and rope test- 
effect of belt dressings. The apparatus to be '^8 apparatus, 

described is simple in construction and inexpensive. It consists essen¬ 
tially of two pulleys on the ends of a universal coupling. One of these 
pulleys is driven by a variable-speed motor to which it is belted. The 
other is set up on the frame shown in Fig. 296, suspended on a knife-edge 
bearing at O, so that the end at S is free to move in a vertical plane and 
any horizontal tension in the belt on the pulley which the apparatus 
supports produces a proportional pressure on a scales at S, The pulley 
shown in the figure is the driver for another pulley which is attached in 
fixed bearings to a shaft about 25 feet away. A Prony brake is supported 
on this shaft which is adjustable in its bearings, so that the tension in 
the belt can be varied. 

Let Ti = tension in tight side of belt, in pounds. 

T 2 = tension in slack side of belt, in pounds. 

W = pressure on scales at S, in pounds. 

Then 


(Ti + T 2 )a = Wb or T, + T 2 = — (100) 

Of 

^ Slip in belts or ropes is the ratio of the difference between the revolutions of the 
driver and the follower divided by the revolutions of the driver, each taken, of course, 
for the same time unit. 
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When power is being transmitted by the belt and absorbed by the 
Prony brake, we have, since the power transmitted is proportional to the 
difference of tension, by moments, wR + T 2 r = TiV, and then 


Ti - Tj = —' 
r 

(101) 

where w = net weight on brake, in pounds. 

R = length of brake arm, in feet. 
r = radius of driven pulley, in feet. 

Combining Eqs. (100) and (101), 


d r 

Tx = -2- 

(102) 

Wb 


2 ■ 

(103) 

These last equations give the total tensions Ti and T 2 which are usually 
reduced to pounds per inch of width of the belt. 

The coefficient of friction / between the belt and the pulley is given 
in books on mechanics as 

/ = 

•' 0.434 c 

(104) 


where c is the arc of contact of the belt on the pulley in inches divided 
by the radius of the pulley in inches. 

Belts will be stretched more on the tight than on the slack side and this 
unequal stretching causes a difference in velocity or, per unit of time, a 
difference between the length of belt on the driving and driven pulleys. 
This difference is called the creep or slip of the belt. If r' is the radius 
and N' the revolutions per minute of the driving pulley, while r is the 
radius and N is the revolutions per minute of the driven pulley, then 
the difference in velocity is 27rr'iV' — 2TrrN, because the length of belting 
coming on a pulley in a unit of time is equal to its peripheral speed. 
Slip or creep is expressed usually as a percentage of the speed of the 
driver so that 

y'jV'' — rN 

Percentage slip or creep = —- (105) 

Efficiency of transmission = delivered horsepower horsepower input. 

Tests of Friction Wheels. —The apparatus frequently used for 
determining the coefficient of friction between friction wheels consists of 
a pair of pulleys, one of them at least usually made of some soft metal 
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like aluminum or a fibrous material like straw fiber, leather fiber, or 
paper. This driver runs on a follower, generally of some other material. 
Power delivered to the “follower” shaft is absorbed by a Prony brake. 
A bell-crank lever to which weights can be attached is used to hold or 
press the two pulleys together. 

The coefficient of friction as determined by such an apparatus is the 
ratio of the tangential pull to the total normal pressure. If the coefficient 
of friction is represented by /, and other symbols are used as follows: 
ri = the effective brake arm, in inches. 
r2 = the radius of driven pulley, in inches. 
w = net weight on the brake, in pounds. 

p = normal pressure, in pounds per inch of width of the narrower 
pulley. 

2 = width of the narrow'cr pulley, in inches. 

Then, 



CHAPTER XXII 


TESTING OF LUBRICANTS 

In the space which can be taken for this chapter on the testing of oils, 
only a few of the simpler and more important tests can be given. To 
make a complete report on the composition of a sample of oil, it is gener¬ 
ally advisable to submit the suspected sample to a competent professional 
chemist, preferably with a large and varied experience in the analysis 
of lubricants. Characteristic tests, however, will be given here which 
should be sufficiently serviceable to engineers to determine whether an 
oil is pure enough for the use intended and whether, if it is to be used 
as a lubricant, it has the properties essential for reducing friction to a 
minimum or, if used as a fuel, it is necessary to ascertain the degree to 
which it is susceptible to vaporization, and, in the case of very light oils, 
the temperature to which it may be exposed without danger of becoming 
inflammable. The heating or calorific value of fuel oils is also a very 
important test, but this has been explained in Chap. VIII. It remains 
therefore only to take up, for fuel oils, the tests for specific gravity and 
the flash and burning points. 

Specific gravity of a liquid is determined most accurately in most cases 
where a sensitive chemist^s balance is available by the use of a specific- 
gravity bottle. A conventional type is shown in Fig. 297. Bottles for 
this purpose are made with special care of thin glass and the weight of 
distilled w^ater which they will contain is determined accurately and 
etched on the outside surface of the bottle. The bottle is provided with 
a small ground-glass stopper having a capillary tube or hole drilled 
through it, so that when the bottle is filled to the top of the capillary 
tube it will always hold the same volume of liquid. 

In determining the specific gravity the bottle is filled with the liquid 
to be tested, care being taken to avoid the formation of air bubbles. 
The stopper is then inserted and some of the liquid will run out through 
the capillary tube. This excess should be w iped off so that the bottle 
will be clean and dry. It can then be weighed. After once determining 
the weight of the bottle filled with distilled water at 60°F. the bottle 
can be used without again weighing it with w^ater.^ The weight of the 
empty bottle should be ascertained from time to time to determine, 
more than for any other reason, whether it is clean. If it is found to 

^ This suggestion is made because it is not always easy for engineers to obtain clean 
distilled water. Condensed steam from a surface condenser is usually, however, 
sufficiently free from impurities and is, of course, distilled water. 

520 



TESTING OF LUBRICANTS 


521 


weigh more than when new, obviously it needs cleaning. The weight 
of the liquid in the bottle when it is full, divided by the weight of the 
corresponding amount of distilled water is the specific gravity of the 
liquid being investigated. The liquid tested should be at 60®F. when 
it is weighed in the bottle, as this is the standard temperature for the 
specific gravities of all oils. 

For the determination of the specific gravity of very thick oils and 
greases, a type of bottle or tube known as Hubbard^s (Fig. 298) is often 
used. It consists of a metallic tube with a ground-in stopper, having 
a slightly larger bore than the capillary tube in the glass stopper of the 
ordinary specific-gravity bottle. In commercial practice the specific 
gravity of liquids is usually determined by means of an instrument called 




Fig. 297.—Spe¬ 
cific-gravity bottle 
for thin oils. 


Fig. 298.~Spe- 
cific-gravity bottle 
for thick oils. 



Fig. 299.—Hy¬ 
drometer and hy¬ 
drometer jar. 


a hydrometer (Fig. 299). It is most conveniently used by filling a glass 
jar, preferably similar to the one in the figure, with the liquid to be 
tested and then inserting the hydrometer. The reading on the scale 
of this instrument, which is at the level of the surface of the liquid, is the 
specific gravity. The hydrometer shown has a thermometer combined 
with it, so that the temperature of the liquid can be read on the scale of 
the upper stem. The surface of the liquid^' is here understood to 
mean the surface of the main body of the liquid and not the level of the 
ring around the instrument due to capillarity. Hydrometers are made 
with two standard scales. One is the ordinary specific gravity scale 
graduated to correspond to the determinations of specific gravity as 
defined for determinations with the specific-gravity bottle; that is, it uses 
always the ratio of the weight of the liquid to the weight of an equal 
volume of water. The other is an arbitrary one known as Baume’s 
and is much used by trades people. For short, it is often called the 
‘‘gravity scale. The following condensed table will be found con- 
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venient for converting one scale to the other. As a ‘^rule of thumb” 
key to the two scales, it will be found useful to remember that 70 degrees 
in the Baum6 scale is approximately 0.70 in specific gravity. 


Table XLII.— Specific Gravities Equivalent to Baum6 Degrees 


Baum6 

degrees 

Specific gravity 

Bauin4 

degrees 

Specific gravity 

10 

1.0000 

60 

0.7368 

20 

0.9333 

65 

0.7179 

30 

0.8750 

70 

0.7000 

40 

0.8235 

75 

0.6829 

50 

0.7777 

80 

0.6666 

55 

0.7567 

85 

0.6511 


In order that specific-gravity determinations may be accurately 
compared, the standard temperature of 60‘^F. has been adopted, which 
means that a statement of specific gravity of a substance at standard 
conditions implies that the value given of its specific gravity is that 
at the equivalent temperature of 60®F. for the substance and is relative 
to water at 60°F.^ The scmU of specific gravity is scarcely ever used in 
practical work dealing with oils for lubrication or for fuels, and, instead, 
the Baume scale is used. According to this scale, the specific gravity 
of water at 60®F. is called 10 degrees Baum6 (10°B6.) and liquids that 
are heavier than water have a gravity designation that is less than 
10 degrees. In the oil industry, unfortunately, there are two Baum6 
gravity scales; one of these has been adopted by the U. S. Bureau of 
Standards and the other by the American Petroleum Institute. The 
latter is called also the Tagliabue Baume scale. The U. S. Bureau of 
Standards Baurn^ scale is the one that is most generally used. 

The relation between the Bureau of Standards Baume scale and 
the ordinary specific-gravity scale for liquids lighter than water, which 
is the only case that applies to lubricating oils, is given by the following 
equation: 

140 

Degrees Baum6 (Bureau of Standards) = specific gravity at 60°F 

Similarly, the Petroleum Institute Baum6 scale is given by a slightly 
different formula: 


Degrees Baum4 (Petroleum Institute) = 


141.5 


131.5. 


specific gravity at 60°F. 

The table above corresponds to the values of the Bureau of Stand¬ 
ards formula. 

Specific gravity of a lubricating oil has no relation to its antifriction 
properties so that the terms ^Tight,” “medium,” and “heavy” oil do 


1 Practically, of course, there is little difference between the density of water at 
60°F. and at, say, 20®P. less or even 20®F. more. 
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not refer to specific gravities but to viscosity. These designations are 
misleading and go back to the time when it was thought that oils of 
high specific gravity had also high viscosity. In a general way, specific 
gravity of a lubricating oil indicates the type of crude oil from which 
the lubricant was made. For example, oils that have a density higher 
than 0.90 (Baum6 less than 27 degrees), are likely to have been made from 
Texas crude oil, while those lubricating oils which have a density con¬ 
siderably less than 0.90 have probably been made from Pennsylvania 
crude oil. 

The specific gravity of a lubricating oil has a useful commercial 
application for checking the grade of oil in a shipment. If an oil contract 
provides for the supplying of oil from a definite crude-oil base, and 
lubricating oil of a given density has been giving 
satisfaction, it is likely that all oil shipments from that 
source having the same density will be equally 
satisfactory. 

If the temperature of the sample of an oil that is 
tested is not at 60°r., a correction is necessary. 

There are charts and tables that can be used for 
making this correction quite accurately.^ For practi¬ 
cal applications, it may be stated that to obtain 
standard conditions for lubricating oils, 0.()5°B4. 
should be added for each that the temperature of 300 .— simple 

the sample tested is above 60®F.; and similarly for device for determining 
kerosene and gasoline, 0.10°B6. should be added for gravity, 

each 1°F. of temperature that the temperature of the sample is above 
60°F. 



Sometimes engineers will find it necessary to determine the specific 
gravity of liquids when suitable instruments are not available. Figure 
300 shows a device which can be conveniently used in such cases. It 
consists of two U-tubes, connected together by rubber tubing as shown. 
Each U-tube is provided with the usual scnle for observing the difference 
in level of the liquid in the tubes. One of these tubes is to be filled with 
clean distilled water (condensed steam) and the other with the liquid 
to be tested. When a slight pressure is produced in the tubes A and B, 
as, for example, by blowing with the mouth, the differences in the levels 
of the liquids in the two tubes are to be observed. The difference in 
level will be greatest, of course, in the tube having the lighter liquid. The 
ratio of the difference in level in the U-tube containing water to 
the difference in the level in the U-tube containing the liquid being tested 
is the specific gravity required. In the figure, if the U-tube A con¬ 
tains distilled water and B the liquid being tested, so that the water is 


^ Danporth, R. S., ** Pressure Loss in Oil Pipe Lines,” Kinney Manufacturing 
Co., Jamaica Plain, Boston, Mass., 1920. 
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displaced a inches and the other liquid b inches, then the specific gravity 
is a 6. This sort of device can be made up anywhere where glass and 
rubber tubing are available. 

Viscosity Test —Every experienced user of oils knows how to deter¬ 
mine roughly the relative fluidity, or what he calls the “body,” of an oil 
by rubbing it between his thumb and fingers. But such a test gives us 
no definite standard of comparison. In technical language this relative 
fluidity or “body” is called relative viscosity. It is generally accepted 
that the viscosity determination is a most important test of the lubricat¬ 
ing qualities of an oil. In general, the higher the viscosity, the greater the 
lubricating value, but it should be observed, however, that care must be 
taken in interpreting the results of such tests because it does not follow, 
particularly for light, high-speed machinery, that a highly viscous 
lubricant like castor oil would lubricate a spindle for such machinery 
better than a “thin” sperm oil. In other words, as regards viscosity 
the lubricant must be selected with due consideration of the kind of work 
to be done.^ 

A lubricant is applied to the bearings of machinery to keep the metallic 
surfaces moving over each other without coming into direct contact. 
Unless the surfaces are kept apart by some suitable fluid substance, the 
irregularities which exist on all surfaces, no matter how carefully they are 
made, will tend to interlock, and the friction of forcing or pushing 
them apart will generate heat. It is the function of a lubricant to flow 
between the closely fitting surfaces of a bearing and maintain always a 
thin fluid film to act as a cushion separating the solid particles of the 
bearing surfaces as well as to take up and carry away either by a direct 
flow or by vaporization a large part of the heat generated by friction. 

' Viscosimeters are instruments designed to determine the viscosity 
of oils. There is no generally accepted standard for such tests, as various 
types of instruments are used, and the results with different instru¬ 
ments will often vary considerably. Unless the names of the designer 

^ Further, in regard to the purelj^ physical properties of oils, the viscosity deter¬ 
mination is a test for the combined effects of both cohesion and adhesion. A good 
lubricant must have both of these properties to possess a satisfactory “body.** Cohe¬ 
sion, as it were, binds together the particles of oil. The more cohesion there is between 
the particles, the greater the pressure or force they will resist before separating. High 
cohesive yalue is therefore essential in lubric^ants intended for heavy machinery. 
Adhesion is the running mate of cohesion. It is the property of particles of one body 
adhering to particles of another body of different constitution. An oil with satis¬ 
factory adhesive qiialities will stick or adhere closely to the surface of metallic bearings 
and thus assist the cohesive qualities by helping to resist the separation of the particles 
of the lubricant under pressure. A fluid having high cohesive properties and little 
adhesion would be a poor lubricant, as, for example, mercury; and conversely great 
adhesive qualities without those of cohesion, as in the case of water, alcohol, etc., are 
equally unsatisfactory. A good lubricant must have these two qualities jointly to 
make it viscous. 
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and maker of the instrument used and the amount and temperature of 
oil used are stated, results are almost meaningless. 

It is generally considered necessary to make determinations of the 
viscosity of the so-called engine, dynamo, and machine oils at 70®F., 
which is considered the normal temperature in engine and dynamo rooms 
and in workshops, and again at about 120°, which is the temperature of a 
bearing that is running quite warm. Very often it will be observed that, 
of two samples of engine oil showing the same viscosity at 70°, one will 
test considerably higher at 120° than the other. Cylinder and gas-engine 
oils should be tested for viscosity at 100, 1*30, 160, and 210°F.; or if the 
cylinder oil is used in engines using superheated steam, or the gas-engine 
oil is for internal-combustion engines using extremely high compression, 
even higher limits of temperatures should be used in testing.^ The best 
lubricant for a bearing under normal conditions may not do so well 
when heating begins. An oil which under ordinary conditions would 
be much too viscous for light, high-speed machinery, because it would be 
wasteful of power, is often most serviceable in a hot bearing when the 
engine oil ordinarily used vaporizes as soon as it enters and therefore 
serves no useful purpose. Heavy cylinder oil, however, since it vaporizes 
at a much higher temperature than the engine oil, will be heated only 
enough to make it thin and limpid without burning and will flow freely 
between the surfaces of the bearing, keeping the surfaces apart and at 
the same time conveying aw^ay much of the heat generated. 

Types of Viscosimeters.—One of the simplest viscosimeters that is 
extensively used in America for determining the viscosity of oils is 
shown in Fig. 301. It is know n as Scott^s and consists of a metal cup 
with an orifice at the bottom, surrounded by an outer vessel also made 
of metal which for low-temperature determinations is filled with water. 
For tests at temperatures above the boiling point of w^ater the vessel 
is to be filled with some kind of oil vaporizing at a temperature higher 
than that required for the tests to be made. The outer vessel is not 
circular but has a side extension shown on the right-hand side in the 
figure, under wdiich a gas burner or an oil lamp can be placed for heating 
the liquid surrounding the inner cup containing the oil to be tested. 
By this means the oil in the cup can be heated uniformly to any desired 
temperature. The orifice is kept closed by means of a ball valve on a 
rod which extends up through the cover. The valve is lifted to allow the 
flow of oil through the orifice by pressing down with the finger on the 
end of the lever A. The handle H is provided for lifting out the oil 
cup so that it can be readily cleaned. A thermometer T registers the 
temperature of the oil. For draining the water or oil in the outer vessel 

^ When oils are to be tested at temperatures above about 200®F., usually the sample 
tested is heated by means of a bath of engine oil instead of water in the outer receptacle 
of a viscosimeter, particularly those of the “orifice type where the direct application 
of a flame is impracticable. 
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a cock C is provided, and a glass cylindrical flask accurately graduated in 
cubic centimeters is supplied for measuring the discharge from the 
orifice. 

To operate this apparatus, first fill the oil cup with about 200 cubic 
centimeters. In this apparatus it is necessary to start always with 
exactly the same amount of oil in the cup; otherwise there will be vari¬ 
able heads (pressures) on the orifice for different tests, introducing 
corresponding errors in the flow of the oil to be tested. Fill the outer 
vessel with water and heat the latter until the oil is at the required tem¬ 
perature for the test. Maintain this temperature constant for 2 or 3 

minutes and then place a 50 cubic centimeter 
flask under the orifice and by removing the ball 
valve start the flow of oil observing the time as 
accurately as possible, preferably to the fraction 
of a second. When the level of the oil in the 
flask has reached the 50 cubic centimeter mark, 
close the ball valve and again observe the time. 
The number of seconds required for 50 cubic 
centimeters of a liquid to flow through the orifice 
is called the time viscosity. Usually instruments 
of this kind have the water viscosity marked on 
the name plate. This is the number of seconds 
required for 50 cubic centimeters of distilled 
Fig. 301.—Simple type of ^^ater at 60°F. to be discharged from the orifice. 

viscosimeter. i i i , i i i r 

1 he water viscosity should be checked from time 
to time because there is sometimes a small accumulation of grease 
in the orifice which may remain unobserved and w^ould reduce the 
actual or effective size of the orifice. Some basis for comparison of 
determinations of viscosity made by the various types of viscosimeters 
in which the discharge from an orifice is applied can be obtained by 
calculating what is called the specific viscosity. This is the time vis¬ 
cosity divided by the water viscosity. Thus if for a given apparatus 
the time viscosity of a liquid is 120 seconds and the water viscosity is 
10 , then the specific viscosity is 12.^ 

Saybolt viscosimeter is in many respects a very satisfactory instru¬ 
ment for measuring ^‘relative viscosity.Because of the ease by which it 
can be operated and the simplicity of its action, this instrument has been 
accepted by the U. S. Bureau of Standards, the American Society for 
Testing Materials, and the American Petroleum Institute as the standard 
^ Sometimes when oils of very difierent specific gravities are to be compared, a 
correction is applied to offset the difference in flow through the orifice, which causes the 
heavier oil to flow faster than a lighter one. Thus we obtain the gravimetric viscosity 
for comparison which is determined by dividing the specific viscosity by the specific 
gravity. For nearly all practical work the specific viscosity gives a sufficiently good 
basis for comparison of oils. 
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instrument for the measurement of the viscosity of oil. This instrument 
is shown in Fig. 302 and consists in its essential parts of a cup which 
has a small orifice at the bottom for the discharge of the oil, which is 
put in at the top of the cup and filled to a standard level. ^ 

The Saybolt universal viscosimeter is made entirely of metal. An 
oil tube 0 is provided at the top of the instrument with an overflow 
cup Cy and at the bottom with a small outlet orifice through which the 
oil to be tested flow’^s into a flask F, the capacity of which, filled to the 
mark on its neck, is 60 cubic centimeters. 

The lower end of the outlet tube containing 
the orifice is enclosed by a larger tube in 
which a cork K is to be inserted that forms a 
closed air chamber, the cork preventing the 
flow of oil through the orifice until the cork is 
removed and the test is started. The oil tube 
O is set in a jacket which may be heated by 
steam or by water that is heated by a gas 
flame or by an immersed electric heater. 

The steam or hot-water pipe W used for 
heating the baths may also be used to carry 
cold water through the pipe to reduce the 
temperature of the bath, if it is too high for 
the purpose of t he test t hat is t o be made. 

Saybolt Furol Viscosimeter.—When the 
viscosity of oily, viscous petroleum products Fig. 302.—Saybolt universal 
like fuel oil or road oil is to be determined, viscosimeter, 

the Saybolt standard viscosimeter is not suitable and the so-called Saybolt 
Furol viscosimeter is used instead, the Furol type having an orifice 
that delivers oil volume at ten times the rate of the standard type. 
When the Furol instrument is used, viscosity results are usually stated 
as ‘^Saybolt FuroF^ at 70 or 10()°F. 

Redwood’s and Engler’s viscosimeters are practically the same as 
Scott’s (Fig. 801). Redwood’s is largely used in England and Engler’s 
is officially adopted by the German government. None of the types 
described have orifices of exactly the same size. 

The viscosity scales of all industrial types of viscosimeters using 
the efflux (out-flow) principle have arbitrary values. A chart for 



^ The only source available for driving the oil through the orifice in the Saybolt 
instrument is that of gravity and the force holding the oil back in the cup is its vis¬ 
cosity or what may be called its internal resistance. The time required for the 
standard quantity of oil to flow through the orifice will depend on both the viscosity 
and the density of the oil. The Saybolt instrument measures a unit comparable to 
the absolute viscosity divided by the density, which is called the kinematic viscosity. 
There are a number of other viscosimeters applying the same principle of the orifice 
or the short tube, and in all such instruments the time of flow must be corrected to 
take into account the density of the oil. 
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making conversions from the readings of one type of viscosimeter to 
another type which has been prepared and published by the Society of 
Automotive Engineers^ is given in Fig. 303. It will be noted that the 



Fig. 303.—Conversion chart for comparison of various viscosimeters. 
For curves 1, 2, 4, 5, Jind (i, T ~ time in seconds. 

For curve S, T = 10 X Engler degrees (G Engler degrees = time in seconds). 
For curve 7, time = Barbey fluidity (rate of flow, cu. cm. i)er hour). 


curves in this figure have been plotted on logarithmic paper (page 503). 
When such data are plotted in this way, nearly straight lines are obtained, 
except for very thin oils having Saybolt standard viscosity of less than 
140. This fact can be used for checking the results of viscosimeter 
tests. All the curves in the chart have a drooping tendency at the left- 
hand side of the curve sheet. 

^ Jour. S. A. E.y Vol. 10, p. 31, 1922. 
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According to standard Saybolt viscosimeter tests, types of lubricating 
oils have been classified as follows: 


Light body. 95 to 115 seconds at 210®F. 

Medium body. 116 to 135 seconds at 210°F. 

Heavy body. 136 to 170 seconds at 210°F. 


In the efflux type of viscosimeter, application is made of the fact 
that, when a liquid flows through an orifice, its rate of flow increases 
as the internal friction of the liquid decreases. In the application of 
this principle, therefore, it is possible to compare lubricating oils for 
the purpose of determining the variation in the same oil 
for different temperatures. 

Device for Absolute Viscosity. —Frictional resistance 
and bearing temperature are in proportion to the absolute 
viscosities, so that all readings or observations for many 
of these instruments must be reduced to absolute units 
before they can be useful for comparison. 

One of the methods used in measuring absolute 
viscosity is based on the time required for a definite 
quantity of oil to flow through a capillary tube. Very 
viscous oils will flow through such a tube more slowly than 
thin oils, owing to the greater resistance in their passage 
through the tube. Figure 304 shows the design of such a 
viscosimeter. Fio. 304 .— 

The method of making the measurement is as follows: i>cvice for^abso- 
The clean and dry instrument is filled by pressure in the termination, 
right limb from H to A with the oil to be measured, the 
surplus oil overflowing into the trap at A . The oil is introduced by means 
of a pipette. The left limb is connected to a tank filled with air under 
pressure, which can be measured on a w ater manometer. Then when the 
right limb is connected with the air, the time of falling of the meniscus 
from the aperture at B to the one at D is taken as the time of flow. 

If the time of flow /, the pressure on the oil in the left limb p, the 
density of the oil d, and the two constants of the instrument c and c' 
are known, it is possible to calculate the absolute viscosity for the tem¬ 
perature of observation from the formula 



Absolute viscosity = cpt — 


t ‘ 


Saybolt and Absolute Viscosity Compared. —The number of seconds 
required for 60 cubic centimeters of a sample of oil to flow through the 
orifice of a Saybolt viscosimeter is called the Saybolt viscosity of the oil. 
Thus, when it is stated that a sample of oil has a Saybolt viscosity of 220, 
it takes 220 seconds for the standard quantity of oil at 68°F. to flow 
through the orifice in the instrument. A long time is required for the 
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standard quantity of a heavy-bodied or viscous oil to flow through the 
orifice of the instrument, and a sample of oil of this kind will have a high 
reading as expressed in Saybolt viscosity. The relation between Saybolt 
viscosity and absolute viscosity is shown in a chart which was prepared 
by one of the leading oil companies.^ It will be noticed that for Saybolt 
readings of about 200 seconds, the absolute viscosity is about one-fifth 
of the Saybolt viscosity. For example, a Saybolt viscosity of 220 seconds 
is equivalent to about 44 in units of absolute viscosity. 

When calculations for the comparison of frictional resistance in 
bearings are made, for example, the Saybolt readings should always be 
converted to the equivalent absolute viscosity. The conversion may be 
made by the use of the following formula as determined by the U. S. 
Bureau of Standards. ^ 

1 80 

Absolute viscosity units = 0.00220<- - • 

Since the readings of a Saybolt instrument are affected by the density 
of the oil, it is obvious that, if two kinds of oil are being tested which have 
different specific gravities but have the same Saybolt viscosity in seconds, 
their absolute viscosities will still be different. For example, if one 
kind of oil has a specific gravity test of 30®B6. and another oil has a 
specific gravity of 25°Be., the oil having the lower value in terms of 
Baumd gravity will actually have the greater absolute viscosity. In 
this case the difference would amount to about 7 per cent. 

Attempts have been made to devise relatively simple instruments 
for determining the viscosity of oil in power plants, but without very 
much success, as it is almost impossible to maintain a constant tempera¬ 
ture of the oil while the test is being made. This difficulty applies to such 
instruments of this comparatively simple type as those having, for 
example, a steel ball dropping through a tube filled with oil, a bubble of 
air rising through a tube filled with oil, or in which the drops from the 
end of a pencil or from the orifice of a small engine lubricator are counted. 

In making tests for viscosity it is difficult for some to realize the 
importance of constant and practically the same temperature when 
both the sample of oil and the water are passed through the instrument. 
Few people realize that water is one-fourth as viscous at 190°F. as at 
50°F. Oils are, of course, much more noticeably viscous at low tempera¬ 
tures than when heated, as they are relatively so much more viscous and 
thicker than water at ordinary room temperatures, and the rate of change 
of viscosity with increase in temperature is much more rapid with oil than 
with water. Because the viscosities of oil and of water change so much 
with the temperature, it is always necessary in stating determination 

^ This chart as published in Lubrication, Vol. 7, No. 5, may be obtained by applica¬ 
tion to the Texas Company, 17 Battery Place, New York City. 

* See Tech. Paper 112, U. S. Bur. Standards. 
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of viscosity to specify the temperature at which the viscosity tests were 
made and the instrument used, so that accurate comparison may be made. 
The standard temperatures for viscosity measurements are as follows: 


Turbine engine and machine oil..100°F. 

Steam cylinder and gear oils.210°F. 

Internal-combustion cylinder oils (automobile and Diesel engines)... 100 and 210‘"F. 


Cloud Test of Lubricating Oil.—^Lubricants are frequently tested 
to determine the temperature at which paraffin wax and similar sub- 



Fig. 305.—Device for cloud test and pour or cold test. 


stances found in oil crystallize and separate from the oil. A test of this 
kind is called the cloud test, A simple apparatus for making this test of 
oil is shown in Fig. 305. It consists of a glass jar preferably a little more 
than 1 inch in inside diameter and about 5 inches high. In making the 
cloud test, the oil is poured into the glass jar until the level is about 
IJ inches above the bottom, the depth of oil being at least sufficient to 
permit reading the scale of the thermometer at the level of the oil. For 
this test a special thermometer is needed which has a bulb that is only 
about f inch long. This thermometer is inserted into the jar through a 
tight-fitting cork which will hold it in a central position with the lower 
end of the bulb i inch from the bottom of the jar. The jar with its 
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thermometer properly in place is then placed in a metal or glass jacket 
container 5 or 6 inches high having an inside diameter at least 1 inch 
larger than the outside diameter of the test jar. A disk of felt or cork 
about ^ inch thick is placed in the bottom of the jacket container and then 
the test jar containing the oil is placed centrally on the felt or cork disk. 
The jacket between the jar and the container is then filled with a refriger¬ 
ating or freezing mixture which may consist of ice mixed with either 
calcium chloride or sodium chloride. For oils congealing or solidifying 
from 15 to 35°F., a satisfactory freezing mixture is made of cracked ice and 
sodium chloride in the portions of 1 part of salt to 20 parts by volume 
of cracked ice. For oils congealing at temperatures from —5 to 15°F., a 
larger percentage of salt is required than for the higher temperature. 
In this latter case, there should be about 1 part of salt to from 3 to 5 parts 
of cracked ice. For still lower temperatures, as, for example, those as 
low as —20 to — 25°F., a mixture of 1 part of calcium chloride to 3 parts of 
cracked ice may be used. 

The cloud test is usually made by putting into the test jar oil that has 
been heated in another vessel to a little more than 150°F. and has been 
cooled in the air to the ^^room’’ temperature. The cooling is continued 
in the refrigerating bath, the jar being taken out at every reduction of 
2 ®F. in its temperature below the point where congealing of the oil may be 
expected to begin. Care must be taken when removing the test jar not to 
move the thermometer, as its movement would hinder the congealing of 
the oil. When the lower half of the sample becomes opaque through 
chilling, the temperature of the thermometer in the oil should be taken 
and recorded as this temperature is the cloud test temperature of the oil. 

Pour or Cold Test for Congealing of Oils.—There is often a great 
difference in the temperature at which lubricating oils which have much 
the same characteristics at room temperatures become viscous when they 
get very cold. In every sample of oil there are a number of different 
hydrocarbons and each of these hydrocarbons has its own particular 
freezing point; and when a number of the hydrocarbons have freezing 
points at higher temperatures than most of those in the oil, they will 
separate out and float on the surface of the oil. If the hydrocarbons 
which freeze at relatively high temperatures are present in sufficient 
quantities in the oil, it will cause the entire mass of oil to congeal. Oils 
which have a paraffin base or, in other words, contain a considerable 
amount of paraffin wax are likely to congeal at a much higher temperature 
than oils which have an asphalt base and contain no paraffin wax. 

This is an especially important test for oils used in automobiles in 
winter service. The same apparatus that is used for the cloud test of oil 
may be used to determine the temperature at which a sample of oil will 
just flow, this temperature being the pour test temperature of the oil. 
In many cases the pour test of an oil may be taken immediately after the 
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cloud-test temperature has been determined, as in most cases the cloud 
test has a higher temperature than the pour test. In any case, in making 
the pour-test determination after the sample of oil has been cooled to 
about the expected pour-test temperature, for every reduction of 5°F. 
in temperature, the jar containing the sample of oil is taken from the 
jacket containing the freezing mixture and is held in an inclined position 
not more than 10 seconds. The cooling is continued until the bottle can 
be held at an angle of 45 degrees without causing the oil in the jar to flow. 
When this point is reached, the previous test point (5°F. less than the 
point of solidification of the oil) is taken as the pour-test^' temperature 
of the oil. As a rule, the pour test should be completed in about \ hour. 

The simple method of making this test in a power plant is to fill a 
4-ounce bottle with a sample of oil and place it where it will be exposed to 
low temperature, for example, in a brine tank of a refrigerating system. 
If the sample is frozen solid after an exposure for 24 hours, the thermom¬ 
eter should be put into the neck of the bottle so that the temperature 
may be observed as the bottle is heated. The pour test shows the tem¬ 
perature at which the oil in the bottle begins to flow. This method of 
testing requires that the oil shall be frozen without stirring or other 
disturbances. This test is, therefore, not exactly useful for testing the 
suitability of the oil for use, for example, in a ring-oil bearing or in the 
clearance space between a shaft and its bearings which are being agitated 
whenever the shaft moves and the tendency is to prevent oil from con¬ 
gealing at the pour test. This temperature may be as much as 15 to 
25°F. lower than the actual congealing point of the pour test. On the 
other hand, the oil in ring-oil bearings which have been warmed up by 
friction and by the heat conducted from the engine, if cooled down to 
any great extent after the engine is shut down, may congeal at a higher 
temperature than the pour test. The pour test made in a 4-ounce bottle 
as described above, or in a test tube as prescribed by the A.S.T.M., does 
not always indicate the temperature at which the oil will flow out of a 
barrel or a wide-mouthed can. As a rule, samples of oil can actually be 
poured at temperatures below the temperature of the pour test. 

Carbon-residue Test of Lubricating Oil—Conradson’s Test.—If a 
lubricating oil is heated to a high temperature in an enclosure where there 
is a limited supply of air, the greater part of the oil will be distilled and 
there will remain a residue of carbon. The amount of this carbon residue 
in a lubricating oil is an indication of the extent of its decomposition when 
used for high-temperature lubrication. Carbon-residue determinations 
are generally made by the method introduced by Conradson, and the 
apparatus shown in Figs. 306 and 307 is used. This apparatus consists of 
the following equipment: 

1 . Porcelain crucible P (wide form) glazed throughout, 25 to 26 cubic 
centimeter capacity, 46 millimeters in diameter. 
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2 . Skidmore iron crucible 8, 45 cubic centimeters (l^-ounces) capac¬ 
ity, 65 millimeters in diameter, 37 to 39 millimeters high with cover, 
without delivery tubes and one opening closed. 

3. Wrought-iron crucible 1 with 
cover, about 180 cubic centimeters 
capacity, 80 millimeters in diameter, 
58 to 60 millimeters high. At the 
bottom of this crucible a layer of sand 
is placed about 10 millimeters deep 
or sufficient to bring the Skidmore 
crucible with cover on, nearly to the 
top of the wrought-iron crucible 7. 

4. Triangle T, pipe stem covered, 
with a projection so as to allow the 
flame to reach the crucible on all 
sides. 

5. Sheet-iron or asbestos hood II 
provided with a chimney about 2 to 
2 J inches high, 2J to inches in 
diameter, to distribute the heat 



Fig. 306. —Conradson carbon residue uniformly during the proceSS. 

apparatus. g Asbestos or hollow sheet-iron 

block B, 6 to 7 inches square, 1J to 1| inches high, provided with opening 
in center 31 inches in diameter at the bottom, and 31 inches in diameter 
at the top. 

Method of Testing for Carbon Residue.—In testing lubricating 
oil in Conradson's apparatus (Fig. 306), approximately 10 grams of the oil 
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Asbesfo^HooJ 


Burner'’\'\ 
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Asbesios Uned 
' Hollow 
Iron Base 


Skidmore Crucible 


Porcelain Tripod Porcelain Crucible 
Fig. 307.—Ax>paratus for determining carbon residue. 


are weighed in the porcelain crucible P, which is then placed within the 
Skidmore crucible S, and the two crucibles (one inside the other) are put 
into the larger iron crucible 7, care being taken that the Skidmore crucible 
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is set in the center of the iron crucible. As shown in the figure, suitable 
covers are required over the Skidmore and the iron crucibles. The set 
of crucibles thus concentrically arranged are then placed upon a triangle 
T (pipe stem covered), which rests on a suitable iron chemist's stand TT, 
the crucibles being surrounded by the asbestos or hollow sheet iron block 
B, which also rests on the triangle T. The stand and crucibles are then 
covered with the sheet-iron or asbestos hood , which serves to distribute 
evenly the heat that is to be supplied during the test. The asbestos 
or sheet-iron block B serves as a shield for the flame from the gas burner G 
and guides the flame around the iron crucibles 7. 

Heat is applied to the apparatus with a Bunsen or similar gas burner 
with a hot high flame which surrounds the iron crucible 7, as shown in the 
figure, until vapors from the oil start to ignite over the crucible (usually 
from 4 to 7 minutes). When the vapors from the oil begin to ignite, the 
gas flame is lowered (to a height of 2 or 3 inches above the burner), and 
the first appearance of vapors must be carefully watched. After this 
period of “strong" heating, in order that the oil vapor flame may not get 
too high, and to prevent the boiling of the oil in the crucible, this low 
height of the gas flame is required. The vapor flame should never exceed 
a height of 3 inches above the chimney H and should be kept at an average 
of about 2 inches above the chimney during the period in which vapor 
escapes from the surface of the oil. After the vapor ceases to come 
off (as shown by inability to ignite it), the heat from the gas burner is 
increased to its maximum amount (about as at the start of the test) and 
kept at this high value for 5 minutes. The bottom of the iron crucible 
7 during this period of maximum heating should be red hot. At the end 
of this 5-minute period of high heat, the gas flame is put out and the cru¬ 
cibles are allowed to cool (with the chimney removed) for 5 minutes, 
after which the covers of the crucibles S and 7 are removed, and the 
porcelain crucible P is taken out and put into a desiccator where cooling 
is continued. When cooled to room temperature, the crucible with its 
residue is accurately weighed. The entire test should be finished in about 
30 minutes if the heat is properly regulated. The time, however, will 
depend somewhat on the kind of oil, as ordinarily a rather thin, low 
flash-point oil will require less time for this test than a heavy, thick, 
high flash-point oil. 

In order to get accurate results, the dimensions of the apparatus used 
must be as nearly as possible the same as those specified in this descrip¬ 
tion. Special precautions must be taken to observe the first appearance 
of vapors. In order to make this observation as accurate as possible, the 
gas burner may occasionally be momentarily removed to facilitate this 
observation. If, at any time during the test the vapor from the oil 
exceeds the 3-inch specification above the chimney of the hood, the gas 
burner may be removed for a short interval until the size of the gas flame 
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can be reduced sufficiently to keep the vapor flame about 2 inches above 
the top of the chimney. 

Many specialists in lubrication question the correctness of results from 
this test, for the reason that it does not reproduce the conditions in prac¬ 
tice that cause the deposit of a carbon residue. In the actual use of oil 
for lubrication in an engine cylinder, the oil is spread out in thin films on 
hot metal and is exposed to highly heated, burning gases which, in most 
cases, will have an oxidizing effect. The amount of oil that gets into 
the combustion space of an engine cylinder depends on the mechanical 
fit of the piston and the piston rings, as well as on the viscosity of the 
oil. A ^‘lean” mixture of oil fuel and air in an engine cylinder will have 
for combustion an excess of oxygen to burn up the oil, while, on the 
other hand, a ^^rich’' mixture of oil fuel and air is less likely to have an 
excess of oxygen; and in the absence of the oxidizing atmosphere, the oil 
that passes into the combustion space by leaking between the piston 
rings and the cylinder wall cannot burn complelely and will leave a 
carbon deposit in the engine cylinder. These facts are stated for the 
purpose of making it clear that the carbon-residue test may give actually 
very little information in regard to the performance of an oil in an engine 
cylinder. 

Water and Sediment. Lubricating Oils. Centrifuge Tests. ^— 

Lubricating oils made by reputable refiners are free from water and 
sediment before they are used in machinery, so that tests for water and 
sediment in oil are intended mainly for use in connection with oils that 
have been used. These tests are especially useful in the case of used oils 
from circulating systems of steam turbines and internal-combustion 
engines in large plants where it is profitable to recondition oil so that it 
may be used again and again for lubricating purposes. 

Oils used for the lubrication of steam turbines are, as a rule, con¬ 
taminated very quickly by dilution with water which enters the bearings 
of a turbine as steam leakage. Lubricating oil used for this service can, 
therefore, be made available to be used again, if water and sludge are 
removed. Reconditioned oil should, however, be tested before being 
used again by some approved method like the one given here, in order to 
determine if practically all of the water and sediment have been removed. 

Lubricating oils used in automobile engines are also deteriorated by 
dilution, but by the presence of gasoline instead of water. Oils that are 
diluted with gasoline are not usually reconditioned. It is sometimes 
necessary, however, to make tests of the lubricating oil removed from 
automobile-engine crank cases for a sediment determination, the sediment 

^ For more details of testing procedure, see Shoop and Tuve, “Mechanical Engineer¬ 
ing Laboratory Practice,’* p. 154. Centrifuges and centrifuge tubes may be obtained 
from E. F. Mahady Company, Boston, Mass. Any convenient frame with whirling 
attachments of the required diameter that is suitable for the attachment of standard 
centrifuges may be used for this test. 
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being due mostly to sand and dirt that get into the engine through the 
breather pipe and the carbureter and to bits of metal that have been 
worn from bearing surfaces and are corroded from those parts where 
water is present. It is often stated that the amount of sediment found 
in samples of used automobile engine oils is likely to be an indication 
of the carbon-residue properties of the oil. In this connection, however, 
it should be kept in mind that carbon-residue determinations will depend 
on the “richness^' of the fuel mixture in the same way as explained 
when describing the method of obtaining the carbon residue in lubricating 
oils by direct heating (page 536). 

For automobile engines used largely 
on roads built of soft materials, espe¬ 
cially gravel, the amount of sediment 
determined by this test will be very 
much greater for the same engine 
conditions than for automobiles that 
are used almost entirely on hard 
roads. 

Centrifugal Method of Testing 
Lubricating Oils.—The method to 
be described of test ing lubricating oils 
by the use of a centrifuge, for the 
purpose of obtaining the amount of 
contained water and sediment, has 
had quite general commercial accept¬ 
ance, although admittedly it is not 
very accurate, especially as to the 
amount of water, the results being in 
nearly all cases less than the actual water content. Nevertheless, as a 
general rule, it is needless to expect great accuracy from this method of 
testing, for the reason that there is always uncertainty as to whether the 
sample obtained for testing is really representative. Because of the 
difficulty in obtaining a good sample, it should be clear that the sampling 
should be done as carefully as possible. The centrifuge used for such 
testing is relatively simple in its parts and need not be designed with as 
great care as a similar apparatus intended for much higher speeds. The 
centrifuge for testing the water and sediment in lubricating oils is usually 
made between 15 and 17 inches in diameter (tip to tip) of the centrifuge 
tips and revolves at a speed of about 1,500 revolutions per minute. The 
rotating member of the centrifuge may, however, have any other diameter 
which will give equal tip speed. Typical centrifuge tubes are shown in 
Fig. 308. 

Centrifuge tests of lubricating oils are made by filling each of the 
centrifuges with a mixture of benzol (90 per cent pure) and of the oil to be 



Fig. 308.—Typical centrifuges. 
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tested, with 50 cubic centimeters of the benzol and 50 cubic centimeters of 
the oil. After the mixture of benzol and oil has been poured into each of 
the centrifuges, they are to be tightly corked or stoppered and then 
shaken vigorously until the contents are thoroughly mixed. The filled 
centrifuges are then to be placed in a water bath at 100°F. and are to be 
immersed to the 100 cubic centimeter mark for 10 minutes. After 
this immersion, the centrifuge tubes (usually two) are placed in their 
proper positions on diametrically opposite sides of the centrifugal frame 
to be whirled at the required speed for 10 minutes. At the end of this 
period, the centrifuge frame is to be stopped, the centrifuge tubes 
removed, and a reading taken of the volume of water and of sediment 
at the bottom of each tube. After these readings have been taken and 
recorded, the centrifuge tubes are again placed in the centrifuge frame and 
whirled for an additional 10 minutes, and, at the end of this time, when 
the centrifuge frame is stopped, readings of water and of sediment are 
again taken and recorded. This operation is repeated until the combined 
volume of water and sediment in each tube remains constant for three 
successive readings. Usually, only four sets of observations are needed. 

Emulsification Test of Lubricating Oils. —In some kinds of service, 
emulsification of oil is a desirable quality, while in other kinds of service it 
is undesirable. 

For example, lubricating oils intended for circulation in steam-turbine 
bearings should not emulsify. The so-called mineral lubricating oils 
are more resistant to emulsification than compounded petroleum oils 
that are mixed with animal and vegetable oils, such as wool, grease, 
tallow, or lard oil. Emulsification tests may be made with the object 
of determining: (1) the degree of emulsification of oil; or (2) the rapidity 
of separation when there is little or no emulsification. There is, however, 
no standard emulsification test. Herschel, a specialist in the U. S. Bureau 
of Standards, has proposed t he following met hod, which has received some 
acceptance. Into a glass container of about 100 cubic centimeter capac¬ 
ity, 20 cubic centimeters of the oil to be tested and 40 cubic centimeters 
of water are poured. Insert into this glass container a paddle about 
90 millimeters long, 20 millimeters wide, and 1.5 millimeters thick. The 
glass container is then placed in a water bath where the temperature is 
maintained at approximately 130°F. This paddle is to be set up verti¬ 
cally in the glass container and with a suitable turning device is rotated at 
1,500 revolutions per minute for 5 minutes. Record is made of the time 
required for separation of the water from the oil by taking readings at 
intervals of about 1 minute. The demulsibility figure D in the following 
formula is calculated from the rate at which the water separates from the 
oil per hour and is expressed by D = fiOv t, in which v is the volume of 
oil separated out in cubic centimeters, and t is the corresponding time in 
minutes. Thus, if all the oil in the sample (20 cubic centimeters) sepa- 
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rates from the water in 60 seconds, then the demulsibility figure equals 
60 X 20 -T- 1 or 1,200. On the other hand, if the sample of oil emulsifies 
so badly that only 15 cubic centimeters of it separate from the water in 
15 minutes, the demulsibility figure D = 60 X 15 4- 15 or 60, 

Compounded or ‘'loaded^' lubricating oils made by the addition 
of wool, grease, tallow, or lard oils to rather heavy types of petroleum 
oils are suitable for some kinds of steam-engine service, especially for 
engine-cylinder lubrication. When compounded oils are subjected to high 
temperature and moisture as in the cylinder of a steam engine that does 
not use highly superheated steam, the oil will readily emulsify and 
adhere to the wet cylinder walls, thus improving the effectiveness of 
the petroleum lubricant for engine operation. On the other hand, a 
pure mineral oil would not adhere in the same way and would freely 
remove itself from the walls of an engine cylinder. Compounded steam 
cylinder oils contain usually from 5 to 10 per cent by weight of animal or 
vegetable oils, or both. It should be noted, also, in connection with 
compounding of engine oils, that a vegetable oil (castor oil) is frequently 
used for mixing with mineral oil for airplane service. 

A diluted lubricating oil is sometimes most advantageously used, for 
example, in some automobile engines (gasoline dilution), ^where splash 
lubrication in large amounts is necessary for cooling the engine parts 
which would not be reached by the oil distribution that would be possible 
without dilution. This is also true of some small vertical steam engines 
that are lubricated almost entirely by crank-case splash.^’ Some types 
of steam engines that are lubricated largely from the crank case will 
actually operate more successfully with a mixture of oil and water for 
lubrication than with oil alone. For such mixing with water, however, 
the oil must be practically free from any emulsifying action. 

Flash-point Test and Fire (Burning-point) Test of Oil.—At one time 
very important parts of the specifications for oil w^ere the flash point and 
the fire test. The flash point indicates the temperature at which an oil 
gives off vapors in such amount that, in combination writh air, they 
form an inflammable mixture. Formerly the flash point was considered 
especially important because of its relation to the fire hazard in the storage 
and shipping of oils. When there w’^as relatively little gasoline stored and 
shipped, the flash-point test of an oil was probably much more important 
than it is now, when gasoline is being shipped and stored in so much larger 
amounts than any other petroleum product. 

The burning point of an oil is the temperature at wrhich the oil ignites 
and continues to burn. The burning point is usually from 5 to 20®F. 
higher than the flash point. ^ The value of an oil as a lubricant has no 
relation to its flash or its fire-test or burning point. 

^ Lubricating oil will not take fire and burn by heat application alone, until it is 
heated to a temperature that is considerably higher than this fire test. 



640 


POWER PLANT TESTING 


A lubricating oil will not ignite itself merely because its temperature 
is slightly above the flash or burning point. Until a considerably higher 
temperature is reached, external ignition is necessary. Up to the end 



Fig. 309.—Pensky-Mart-ens closed oil tester 


of the last century, many lubricating oils had flash or burning points 
under 300®F., so that a hot bearing on an engine or machine was a poten¬ 
tially dangerous fire hazard. In recent years, however, lubricating oils 
have been so much improved in the refining processes that the flash and 
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burning points of good quality oil have been raised, so that they are 
now nearer 400°F. than 300°F. 

Apparatus for Determining Flash Point and Fire Test of Oil. —There 
are two kinds of apparatus, that is, (1) open type and (2) closed type, 
that are used for flash-point and fire-test determinations of oil. Among 
the closed type of apparatus for these determinations, the Pensky- 
Martens instrument is now generally accepted as the standard. This 
apparatus is shown in considerable detail in Fig. 309. The Cleveland 
Tester (Fig. 310) is the type of open tester that is most used. The 
Pensky-Martens tester is the more accurate of the two, 
but the Cleveland open tester gives sufficiently accurate 
results for most practical work. 

The Pensky-Martens Closed Tester.—The oil tester 
of the closed type shown in Fig. 309, called Pensky- 
Martens, consists of an oil container O, which is placed 
in a metal heating vessel 77, provided with a mantle or 
covering M to protect the heating vessel H from heat 
loss caused by radiation. The oil cup O is closed by a 
closely fitting brass lid. Through the center of the lid 
passes the stirring mechanism, consisting of a slender 
shaft S carrying two propellers used for stirring, one of 
them rotating in oil, and the other in the vapor space 
just under the lid. The stirring mechanism is operated 
by the handle D, The lid has four other openings, the 
position and size of which are accurately made (see top 
view in figure). One of these openings is circular and 
the thermometer collar C is concentric with it, the 
thermometer being inclined at a convenient angle. The other three 
openings are opened and closed by a slide valve B, which is controlled 
by a spring and lever device (7, which is rotated by turning the 
milled head M, One of these openings (middle) is used for inserting 
the testing flame, and the others for admitting air required for com¬ 
bustion. The test flame is controlled mechanically by the operation of 
the slide valve B which inserts the test flame into the space above 
the oil. With every turn of the milled nut M, the spring and lever 
device G is moved, so that the middle opening in the slide valve B 
comes opposite the orifice in the lid; and, at the same time a very small 
flame burning at the movable jet F is moved so that it comes very close 
to the surface of the oil that is being tested. This test-flame burner 
should have a tip opening of inch in diameter. A pilot-light burner 
is maintained near the test-flame burner, so that every time the slide 
valve B is open the test flame is automatically lighted. 

Test Procedure, —In order to start a test with the Pensky-Martens 
tester, the cup H is filled to a definitely standardized marked level with 



310.—Cleve¬ 
land oil tester. 
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the oil to be tested. The lid is then put in place, and the oil is heated 
somewhat rapidly at first, until its temperature is about 60°F. below 
the expected flash point. The temperature of the oil is then increased 
slowly, about 10°F. per minute, the temperature rise being conveniently 
controlled by the use of the wire gage W, as shown in the figure, just 
above the Bunsen gas burner Y. During this latter heating, the milled 
head M is turned somewhat slowly, so that the test flame is tilted abovit 
once a minute into the oil cup 0. The temperature at which the first 
slight explosion due to the vapor ignition is observed is to be recorded 
as the flash point of the oil. This instrument is only a flash-point tester. 

Cleveland Open Tester. —An open type of oil tester which is used 
a great deal in the commercial testing of lubricating oils is shown in 
Fig. 310. It is a simple device consisting of only six essential parts, 
which are (1) a brass cup C, 2| inches inside diameter, and 1^ inches 
deep. The side wall of the cup is inch thick, while the bottom is iV inch 
thinner;^ (2) a brass plate P with a circular depression to fit the rim 
of the cup; (3) a hard asbestos plate I inch thick, with a hole to fit the 
cup; (4) a brass lid L which fits the cup; (5) a tripod T which supports 
the brass plate; (6) a nitrogen-filled etched-stem glass thermometer 
having a bulb approximately | inch long, which is not larger in diameter 
than the stem. Heat is applied to the oil cup by the use of a Bunsen 
gas burner which should be protected from air drafts by a suitable shield 
which may extend up to the level of the asbestos plate A, 

Test Procedure ,—In order to make a test of oil with the Cleveland 
open tester, the cup C is filled up to a standardized mark on the inside 
of the cup, which is about | inch below its upper edge. The asbestos 
ring A is then placed around the oil cup C and the bottom of the cup 
is inserted into the depression in the plate P. The cup, the plate A, 
and the plate P are then placed on the tripod T. In this position, the 
cup is heated by the flame from a suitable burner which is adjusted to 
heat the oil at a uniform rate of 10°F. per minute. The thermometer for 
observing the temperature of the oil may be conveniently suspended from 
a wire support W adjusted in height by means of a thumb screw S fastened 
to the side of the tripod T, The thermometer must be so located that 
its bulb is halfway between the center and the side of the cup and is 
completely immersed in the oil, but it is lower and must be as nearly 
as possible about ^ inch from the inside bottom of the cup. If the special 
flash-test thermometer provided by the manufacturers of this equipment 
is not used, correction for emergence of the stem (page 45) of the 
thermometer must be made. It is necessary to be careful in making 
this test to be sure that the temperature of the oil is continually rising, 
as any recession at about the flash point or the burning point would 

1 Exact dimensions of this equipment are given in Diedrichs and Andre, Experi¬ 
mental Mechanical Engineering,” Vol. I, p. 919, 1930. 
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invalidate the results. In other words, the temperature of the oil must 
be kept steadily increasing at the specified rate throughout the test, 
except that in the early part a higher rate of heating (up to above 50®F. 
below the expected flash point) is allowable. The test flame should 
preferably be from a very small gas burner with a tip orifice not much 
larger than the one in the Pensky-Martens flash tester; but instead of 
the gas flame a long splint of wood or a wax taper may be satisfactorily 
used. The flame of whatever kind should not be more than about | 
inch in length and should be drawn across the cup in the horizontal 
plane of its top edge. The test flame should be applied in this way at 
5°F. intervals throughout the test. The temperature at which the first 
flash of vapor combustion takes place near the surface of the oil is to 
be noted and recorded as the flash temperature, which means that this 
is the point at which the oil liberates its vapor at a sufficient rate so 
that it may be ignited. The flash point must not, however, be confused 
with a bluish halo that sometimes surrounds the test flame at a tempera¬ 
ture much below the flash point. Obviously, air drafts must be carefully 
avoided in a testing apparatus of this kind, and it is a good precaution 
to partially darken the room where a test is being made, so that the first 
flash may be observed with certainty. 

By continuing the application of heat, the vapor will be raised in 
temperature and distilled from the surface of the oil at a sufficient rate 
to maintain combustion indefinitely. The temperature of the oil at 
this point is called the fire test or the burning point. When this tem¬ 
perature is reached, the thermometer must be removed and the flame 
be smothered with the lid L, which is a part of the testing equipment. 
Emergent-stem correction must be made for the fire test or burning 
point in the same way as for the flash point, if the thermometer is not 
the one provided for the apparatus by the manufacturer, for which stem 
correction has been made when making the graduations. • 

Oil-testing Machines. —The type of machine (Fig. 311) generally 
used in America, for testing an oil to determine coefficient of friction and 
effect in preventing undue heating in a bearing, consists of a horizontal 
steel shaft supported on two bearings, with one end overhanging its bear¬ 
ing.^ A pendulum is suspended from the overhanging end by a bronze 
bearing. This bearing is made in two halves J5, 5 so as to be remov¬ 
able for cleaning and scraping. In order to get results at all comparable 
on different machines, the bearing surfaces must be smooth and fit on the 
shaft as well as they can possibly be made. The pendulum is so arranged 
by means of an adjusting screw N at the bottom that any pressure is 
transmitted in its full amount to both halves of the bearing. The 
adjusting screw transmits its pressure on the lower half of the bearing 

' For a detailed description of slightly different type (Clolden's) see A. L. Westcott 
in the Jour, A.S.M.E., July, 1913, pp. 1143-1167. 
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by an intermediary spring thus permitting closer adjustments. A 
pointer on the spring indicates on a scale attached to the pendulum 
the total pressure and also the total unit pressure, in pounds per square 
inch, on the two halves of the bearing. A 
thermometer inserted through a hole in the top 
of the pendulum, with its bulb resting on the 
shaft, indicates the temperature at the bearing 
surfaces. An iron ball is provided on some 
of these devices to counterbalance partially the 
weight of the pendulum and thus increase its 
sensitiveness. The deviation of the pendulum 
from the vertical is obviously proportional to 
the friction. This deflection is measured by a 
pointer moving over a circular arc. If the 
instrument is in proper adjustment, the reading 
on this scale divided by the total pressure exerted 
on the two halves of the bearing is the value 
of the coefficient of friction. 

Sometimes when the apparatus is to be 
used at higher pressures than the normal 
spring permits, the spring can be replaced by 
a stiffer one, made of heavier wire.^ 

As the mathematical demonstration is usually stated: 

P = total pressure on the two halves of the journal, in pounds. 
p = total unit pressure per square inch of projected area on the 
two halves, in pounds per square inch. 

T = tension in spring, in pounds. 

W = gross weight of pendulum, in pounds. 

R = effective arm of pendulum, in inches, 
r = radius of journal, in inches. 

a = angle of deflection of pendulum from the vertical. 

F = total force of friction, in pounds. 
f = coefficient of friction. 

I = length of bearing surface. 

Since each half is loaded, the total equivalent projected area is 2 X 
2rL 

Total load on journal is F = 2T + IT, and 

= Z. = + W 

^ The maximum load a spring will carry is proportional to the cube of the diameter 
of the wire. When a new spring of heavier wire is made, the outside diameter of the 
coil must be made the same as of the normal spring, and the unstressed normal length 
must be the same. 
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Moment of friction is equal to moment of external forces or, since 



Fr = Pfr = (2T + W)fr = W'R sin a 


in the case of the friction deflecting the unbalanced weight W' of the 
pendulum through the angle a. Then 

. _ W'R sin a 
J 


W'R 

In any machine of the type described, the term —~ is a constant, and 
the scale on the arc indicating deflections on the pendulum is usually 
graduated to indicate values of- 


As a rule, the total and unit pressures stamped on the scale of the 
pendulum type of apparatus are not even nearly correct and it becomes 
necessary to calibrate the spring in the tester, if absolute values are to 
be calculated. This calibration is accomplished most easily by removing 
the brasses from the yoke, taking off the lower part of the pendulum 
which has the thread for tightening up on the spring, setting up the 
pendulum with the yoke dowmw^ard in a testing machine for compression, 
applying suitable increasing loads on the spring, and measuring its 
deflection at each point. A stiff bar must be put through the yoke to 
take the pressure from the spring. This bar can be readily supported 
on iron blocks so that the pendulum will be free to move up and down 
with the varying compression on the spring. If all the supporting parts 
are rigid, the deflections of the spring can be measured by the distance 
between the head and the base of the testing machine. 

Steam-engine Lubricators.—The proper oiling of an engine is most 
important. The operation of nearly all types of lubricating devices 
is easily understood, particularly when operated by the gravity of the 
oil or by a pump. Another type of lubricator for cylinder lubrication 
which is operated by the weight of a column of condensed steam is 
shown in Fig. 312. The pipe C, in w^hich the condensed steam accumu¬ 
lates, must be made at least 2 feet long to give a sufficient head or pres¬ 
sure to feed the oil. The oil reservoir is in the cylindrical vessel below 
the condenser pipe. This is filled with oil through an opening in the 
top as the water which has accumulated in the apparatus is drained 
through the cock D. Water from the condenser pipe C is carried down 
to the bottom of the oil reservoir by the pipe shown in dotted lines 
on the left-hand side. Oil, being lighter than the w^ater, remains in the 
upper part of the reservoir and is forced down through the pipe on the 
right-hand side and through the needle valve I by which the flow of oil 
can be regulated so that as small an amount as one drop in 2 or 3 minutes 
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passes into the steam pipe at H to mix with the steam going to the 
engine cylinder. Through the gage glass S the number of drops passing 
through can be observed. Another gage glass L on the side of the 
reservoir shows the relative amounts of oil and water. When an engine 
is not operating, all oil cups and lubricators should be carefully closed. 
The feed of oil from this lubricator is stopped by closing the valves V 
and F. A valve is usually provided on the bulb B, which should be 
closed when draining from Z), so that the water in the condenser pipe C 



Fia. 312.—Engine cylinder lubri¬ 
cator operated by pressure of tjolumn 
of condensed steam. 



Fig. 313.—Cylinder lubricator similar 
to Fig. 312. 


will not be lost and thus prevent the operation of the apparatus until 
a sufficient amount of condensed steam has accumulated to produce 
the pressure necessary to force the oil into the steam pipe. 

A slight modification of the lubricator described is illustrated in Fig. 
313. The condensed steam is brought to the bottom of the reservoir 
through the pipe P, which is open at its lower end. On the other hand, 
the pipe S is open at the top and the oil is forced by the pressure due to 
the head of water in the pipe above (not shown) through the gage glass 
on the left-hand side, then through the horizontal pipe T to which is 
attached the valve and nipple connected to the steam pipe supplying 
the engine. In this figure at the top of the reservoir a plug is shown, 
which is to be removed for filling with oil. 
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TESTS OF HYDRAULIC MACHINERY 

Tests of Boiler Feed Pumps. —In general engineering practice there 
are two classes of pumps commonly used for ‘^feeding” the water to 
steam boilers. These are: 

1. Motor- or belt-driven pumps. 

2. Steam pumps. 

Motor-driven feed pumps are quite generally used in steam power 
plants. The feed pumps are usually operated by direct connection 
to an electric motor or by belting. 

Figure 314 shows a good modern 
example of a belt-driven pump. It 
has three plungers operated from a 
single shaft with the cranks set 120 
degrees apart. A pump of this kind 
with three water cylinders is called 
^‘triplex.’' One with two water cyl¬ 
inders (usually horizontal and steam 
driven) is called '^duplex.’^ A^^sim- 
plex^^ pump is one with a single water 
cylinder. The valves are accessible 
for cleaning or for repairs by removing 
the plates or covers'^ C, C, C. The 
suction pipe is marked S and the 
discharge pipe D, An air chamber A 
is provided to produce, by cushioning 
air in it, a somewhat more steady flow than would otherwise be secured. 
A relief valve should be provided on the discharge pipe to act as a safety 
valve in case the pressure in the line should get so high that the pump 
itself might be broken. 

The power delivered to a belt-driven pump can usually be con¬ 
veniently measured with some type of transmission dynamometer (see 
pages 172 to 180), while if it is direct-connected to a motor the efficiency 
of the motor may be obtained by disconnecting it, attaching a Prony 
brake to the shaft, and measuring the input to the motor with suitable 
electrical instruments (page 378). 



Fio. 314.—Belt-driven feed pump. 
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The equivalent work done “on the water” by the pump is found 
by multiplying the total head^ (suction + discharge) in feet by the 
weight of water lifted (foot-pounds). 

The quantity of water delivered can be determined by weighing or 
by calculating the flow over a weir or from an orifice (see pages 212 to 
216). 

Slip is the difference between the volume swept through by the plunger 
of the pump, or, in general, the piston displacement, and the actual 
volume of the water pumped at the required head. 

In piston pumps direct-connected to the steam cylinder without a 
crank, the length of the stroke is usually variable, and some special 
method must be adopted for such tests to determine the average length 
of the stroke (page 551). 

For a short test utilizing a transmission dynamometer belted to the 
pump for measuring the power, the following form may be used: 

Table XLllI.— Test of a Belt-driven Pump 


Dynamometer Method 

Type of pump.Made by. 

1. Duration of test.hr. 

2. Diameter of plungers.in. 

3. Length of stroke.ft. 

4. Size of suction pipe.in. 

5. Size of discharge pipe.in. 

6. Speed of dynamometer.r.p.m. 

7. Speed of pump.r.p.m. 

8. Dynamometer reading. 

9. Discharge pressure, in pounds per square inch (gage). 

10. Suction pressure, in pounds per square inch (gageO or inches vacuum. 

11. Temperature of water.®F. 

12. Delivery head, in feet of water. 

13. Suction head, in feet of water. 

14. Total head in feet of water. 

15. Net weight of water pumped per minute, in pounds. 


16. Work done by pump, in foot-pounds per minute (Item 14 X Item 15). 

17. Cubic feet water pumped per minute. 

1 If the discharge head is measured by a pressure gage on the discharge pipe, then 
the equivalent pressure in pounds per square inch corresponding to the difference in 
level between the surface of the water supply and the center of the gage must be added 
to get the total head. (One foot-head of water at about 62°F. is equivalent to 0.434 
pound per square inch; and, conversely, 1 pound per square inch is equivalent to a 
head of 2.31 feet of water at the foregoing temperature.) 

This is usually stated as the vertical distance between the two gages A vacuum 
gage, however, on the suction pipe of a pump indicates the vacuum at the level of the 
top of the suction pipe^ and not up to the center of the gage. This was shown by Pro¬ 
fessor Cooley by attaching a gage by means of a suitable fitting to the suction pipe 
of a pump so that the gage could be revolved above and below the pipe. It was 
observed that the reading of the gage remained constant which showed that in a suc¬ 
tion pipe of a pump the water does not rise higher than the top of the pipe. 
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18. Plunger displacement, cubic feet per minute.. 

19. Slip, in per cent [(Item 18 — Item 17) -r- Item 18]./.... .. 

20. Net work delivered to pump (by dynamometer), in foot-pounds per minute. 

21. Dynamometer horsepower (Item 20 -t- 33,000). 

22. Pump horsepower (Item 16 ^ 33,000). 

23. Mechanical efficiency (Item 22 Item 21). 

24. Capacity of pump, gallons delivered per 24 hr. 

A direct-acting steam feed pump like the one shown in section in 
Fig. 315 will be tested in a somewhat different manner, and a different 
set of observations is required. 

In none of the so-called direct-acting steam pumps has a rotary motion 
been developed by means of w^hich an eccentric can be made to operate 
the valve. It is, therefore, necessary to reverse the piston by an impulse 
derived from itself at the end of each stroke. This cannot be effected 
in an ordinary single-valve engine, as the valve would be moved’only 



Fig. 315.—Direct-acting steam pump. 


to the center of its motion, and then the whole machine would stop. 
To overcome this difficulty, a small steam piston is provided to move 
the main valve of the engine. 

In these pumps the lever A, which is carried by the piston rod, comes 
in contact with the tappet when near the end of its motion and by means 
of the valve rod R moves the small slide valve which operates the supple¬ 
mental piston. The supplemental piston, carrying with it the main valve 
Vy is thus driven over by steam, and the engine is reversed. If, hoAvever, 
the supplemental piston fails accidentally to be moved, or to be moved 
with sufficient promptness by steam, the lug on the valve rod engages 
with it and compels its motion by pow’^er derived from the main engine. 

Outside-packed steam pumps of the plunger type (Fig. 316) are now 
very commonly used for supplying boiler feed water, chiefly because at the 
pump end the only part subjected to ordinary wear is the packing of the 
plunger stuffing boxes. Steam is admitted at A and exhausts at E. 
The suction pipe is at S and the discharge pipe at D. 

Suitable fittings for the attachment of indicators should be provided 
at both the steam and the water cylinders. If the pump is of the ordi- 
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nary direct-connected type, without a flywheel, like the one shown in 
Fig. 315, some provision must be made to make regular observations of 
the length of the stroke, as it is scarcely ever constant. One method is 
to attach a suitable arm to the cross-head H (Fig. 315) with a pencil at 
the end. Strips of tough paper can then be pasted on a board in such a 
position that the pencil will trace the lengths of the strokes. By shifting 
the position of the board every minute or two, records will be obtained 
from which the average length of the stroke can be estimated with con¬ 
siderable accuracy. 



Fig. 310.—Outsido-packod plunger feed pump. 


Duty of a pump is usually defined as the number of foot-pounds of 
work ^Melivered^^ by the pump per 1,000,000 B.t.u. supplied. The 
heat units supplied by the engine are calculated by the A.S.M.E. Rules 
as the product of the weight of feed w^ater used by the boiler and the 
total heat of steam at boiler pressure ^‘reckoned from the temperature 
of the feed water. The total heat is to be corrected, of course, for 
moisture or superheat. 


Table XLIV.—Test of DiRECT-AtmNo Steam-operated Pump (Single Water 


Cylinder) 

Type of pump.Made by. 

1. Duration of test.hr. 

2. Diameter of steam cylinder.in. 

3. Diameter of water cylinder.in. 

4. Diameter of suction pipe.in. 

5. Diameter of discharge pipe.in. 

6. Diameter of rods.in. 

7. Total number of strokes. 

8. Single strokes per min. 

9. Average length of stroke.ft. 

10. Piston speed.ft. per min. 

11. Steam pressure, gage.lb. per sq. in. 

12. Moisture or superheat in steam.per cent or °F. 

13. Total condensate.lb. 

14. Total dry steam.lb. 
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16. Discharge pressure, gage. 

16. Discharge head. 

17. Suction head. 

18. Total head. 

19. Temperature of water. 

20. Weight of water pumped per min. 

21. Volume of water pumped per min. 

22. Plunger displacement per min. , 

23. Slip.■ 

24. Horsepower steam cylinder, head end .. .. 

25. Horsepower steam cylinder, water end_ 

26. Horsepower steam cylinder, total. 

27. Water horsepower (useful work). 

28. Mechanical efficiency. 

29. Dry steam per indicated horsepower-hour 

30. Dry steam per water horsepower-hour.... 

31. Duty per 1,000 lb. steam. 

32. Duty per 1,000,000 B.t.u. 

33. Capacity of pump per 24 hr. 


lb. per sq. in. 

.ft. 

.ft. 

.ft. 

.°F. 

.lb. 

.cu. ft. 

.cu. ft. 

.per cent 

.i.hp. 

.i.hp. 

.hp. 

.hp. 

.. , .per cent 

.lb. 

.lb. 

.ft.-lb. 

.ft.-lb 

.gal. 


Cooley Stroke-measuring Device.'—Another method giving still 
greater accuracy is a counting device designed by Professor Cooley, 



Flu. 317.—(k)olcy stroke-iiioasuriiig device. 


operated by a mechanism similar to that in a clock (Fig. 317). A cord 
from the instrument is attached to the cross-head of the pump and the 
clock mechanism moved by this cord integrates or sums the lengths of all 
the strokes. This apparatus has been dev'eloped for measuring accurately 
the length of the stroke of the type of pumps in which steam and water 
cylinders are direct-connected on the same piston rod, such, for example, 
as the ordinary steam feed pumps. In such pumps it scarcely ever 
happens that there are two strokes in succession that are of the same 
length and more or less approximate methods are usually adopted 
for obtaining the average length of the stroke during a test. With 
the stroke-measuring device referred to above, each individual stroke 
is accurately measured and is added by a counting device to the sum 
of all the other strokes that have preceded. As this apparatus is used in 
a test of a variable-stroke pump, the reading of the counter to the nearest 
^ Made by Engineering Shops, Ann Arbor, Mich. 
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inch can be recorded at the usual times for observations. The dif¬ 
ference between two readings is the total length of all the strokes for 
the interval between observations. If, then, this difference is divided 



Fig. 318.—Mechanism of stroke-measuring device. 


by the total number of strokes for the same time, the average length of 
the stroke can be determined accurately. An assembled view of this 
device is shown in Fig. 317 and its mechanism is shown in Fig. 318, which 
is an application of silent ratchet clutches. The apparatus is driven 



by the cord on the wheel TF, which 
moves the ratchet w^heels B and C. 
The operating mechanism, shown in Fig. 
318a, consists essentially of two miter 
wheels B and C, meshing wdth another 
miter wheel E to w^hich is attached the 
pulley TF, carrying the cord that is 
fastened to the cross-head of the pump. 
At the top of the wheel B and at the 
bottom of C are silent ratchet clutches 
a, a, each of which operates in only one 
direction to grip the collars (top and 
bottom) in the notches g, g. The collars 
are securely attached to the central shaft 


Fig. 318a.—Ratchct-clutch device of 
stroke-measuring integrator. 


by a set-screw. Only one of the collars 
is shown in the figure. For example, in 


the operation of this mechanism the collar on the central spindle is gripped 


by the ratchets a, a in the miter wheel B during the forward stroke of the 


pump and are released during the backward stroke. On the other hand. 
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the ratchets on the miter wheel C grip the bottom collar on the central 
spindle during the backward stroke and release'it on the forward stroke. 
In this way the movement of the cross-head of the pump constantly 
moves the central spindle of the instrument in the same direction. The 
miter wheels B and C can move freely on the central spindle and transmit 
motion to it only by means of the ratchets and the notches g, g. 

Numbers on the horizontal plate (Fig. 317) are feet and those on the 
circular dial are inches. 

A.S.M.E. TEST CODE (1926) FOR RECIPROCATING STEAM-DRIVEN 
DISPLACEMENT PUMPS (ABRIDGED) 

The Code for Reciprocating Steam-driven Displacement Pumps 
applies to tests for determining the performance of the pump and engine, 
including reheaters, heaters, and jackets, if any, and jacket pumps, 
circulating pumps, condensate pumps, and vacuum pumps, which are 
concerned in their operation. 

Note. —If any of the auxiliaries are independently driven, their efficiency may be 
determined separately from the main unit. For tests of pumping machinery and 
boiler plant combined, reference should be made to the Code for Complete Steam 
Power Plants (page 402). 

Measurements. —The fundamental measurements for a duty trial of a recipro¬ 
cating steam-pumping engine are: (a) amount of watcT pumped, in pounds; (6) average 
total head, in fiiet; (c) amount of steam supplied, in pounds; or the amount of heat 
supplied, in B.t.u. 

The standard units for volume, head, and power are: 

a. The standard unit for volume shall be the IT. S. gallon or the cubic foot. The 
gallon unit shall be expressed in million gallons per day (m.g.d.) of 24 hours. The 
cubic foot unit, if used, shall be expressed in cubic feet per second. The standard U. S. 
gallon contains 231 cubic inches. 

h. For temperatures not exceeding 85°F. the specific gravity of water may be 
taken as unity. (At 85°F. the specific gravity equals 0.9957.) 

c. 7.48 gallons is equal to 1 cubic foot, and 448.8 gallons per minute is equal to 1 
cubic foot a second; 694.4 gallons per minute is equal to 1,000,000 gallons per day of 
24 hours. 

d. The unit for measuring head shall be the foot. The relation between pounds 
per square inch and feet-head is 2.31 feet = 1 pound per square inch when the specific 
gravity of the liquid is unity. 

e. In reading gages calibrated in pounds per square inch when other than water is 
handled, it is necessary to divide the reading in pounds by the specific gravity and 
multiply by 2.31. Example: 100 pounds per square inch pressure on brine of 1.25 
gravity = 185 feet head, or the same pressure on oil of 0.85 gravity = 272 feet. 

Instruments and apparatus required for a performance test of a steam-driven 
reciprocating displacement pump include: (a) tanks and platform scales for weighing 
water; (6) graduated scales attached to the water glasses of the boiler, if the feed water 
is measured; (c) pressure gages, vacuum gages, and thermometers provided with 
suitable wells; {d) steam calorimeter; (e) barometer; (f) revolution counter or other 
accurate speed-measuring device; (^) indicators; (h) a planimeter; (i) a dead-weight 
gage tester. 
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The gage on the discharge main should be attached near the pump discharge 
nozzle, and that on the suction main near the suction nozzle. These gages should be 
attached at an angle of 90 degrees to the direction of flow. The gage pipes should be 
provided with valves at the gages and petcock air vents. 

When a suction or discharge surface condenser is in use as part of the unit under 
test, the water-head readings should be made outside and beyond the condenser 
so that the loss of head through the surface condenser will be charged against the 
main unit. 

Leakage Test of Pump.—The tightness of the suction and discharge valves (and 
the plunger packing, if the pump is of the inside-packed construction) should be 
ascertained by applying the specified discharge pressure on them and observing the 
leakage by removing a hand-hole or manhole cover on the suction side of the part being 
tested. If essential to the object in view, the valves should be made tight; the plunger 
packing should leak only enough to insure that the friction of the packing on the 
plunger is not excessive. In direct-acting pumps with inside-packed plungers the 
amount of leakage may be estimated by closing the discharge valve and running 
the pump just fast enough to maintain the normal discharge pressure. If sufficient 
leakage is found to affect the capacity materially, the conditions should be corrected 
before proceeding with the test work. 

Measurement of Water Pumped.—The quantity of water pumped should be 
determined by computing the actual plunger displacement in U. S. gallons or cubic 
feet. It is advisable, where apparatus is available, to check the total pumpage by the 
use of venturi tubes, Pitot meter, weir, calibrated orifice, etc., or by means of the use 
of a reservoir. In direct-acting pumps, the actual stroke of each plunger must be 
determined by the use of graduated stroke scales. 

Starting and Stopping. —The engine and appurtenances should be 
first thoroughly heated and run under the prescribed conditions until 
uniformity is secured. When surface-condenser measurement is used, 
the duration of the test should not be less than 8 hours. Where the steam 
consumption is determined by measuring the feed water to the boiler, 
the duration of the test should be not less than 10 hours. 

When a surface condenser is used, the test should start by commencing 
to weigh or measure the condensate and any other quantities of steam 
consumption involved, at the same time beginning the observations and 
other necessary test work. At the end of the allotted time the test is 
stopped by discontinuing the measurements and observations. When 
feed-water measurements are employed, the test should be started by 
carefully observing the steam pressure and water level in the boiler, and 
the level in the feed tank if measuring tanks are used, at the same time 
beginning the water measurements and taking up the routine work of 
the test. Toward the end of the prescribed time, when the water levels, 
steam pressure, and conditions of fire and draft are as near as practicable 
to the same points as at the start, the observations should be discontinued. 
If there are differences in the water levels, corrections must be applied 
to the water measurements. 

Instruments should be read at intervals not greater than 15 minutes, 
and, if complete test data are required, indicator cards should be taken 
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from each end of each cylinder once each hour ,when the conditions are 
uniform, and oftener when there is much variation. 

Heat Supplied. —The heat supplied to a steam pumping engine and its auxiliaries 
is the total heat content of the steam entering the engine and its auxiliaries, less the 
total heat returnable from the engine and its auxiliaries to boiler. The heat return¬ 
able is the sum of the total heat returned from the various sources as follows: (o) 
the heat returned in the condensate from the air pump, that is, the product of the 
heat of the liquid per pound, above 32°F., corresponding to its temperature; and 
the total weight of such condensate; (6) the heat returned in any feed-water beater 
using exhaust steam or steam from the working charge in the engine; (c) the heat 
returned in high-temperature jacket and other drain water. 

Head. —The total head is determined from two elements, namely, the **discharge 
head,^' which is the pressure in pounds per square inch expressed in feet-head in the 
discharge main referred to the center line of the pump cylinders (or other datum line 
as may be determined on), and the “suction lift^’ or “suction head,^^ which is the vac¬ 
uum or head in the suction main referred to the same datum line. When the suction 
main is under a vacuum the head is found by adding the ‘‘suction lift^^ to the “dis¬ 
charge head,” both expressed in feet. When the suction main is under pressure the 
head is found by subtracting the “suction head” from the “discharge head,” both 
expressed in feet. 

Discharge Head. —The discharge head is found ])y adding to the head in feet 
shown by the gage connected to the discharge main the vertical distance in feet 
between the center of the gage (if of the Bourdon spring type) or the lower surface of 
the mercury (if of the mercury type) above the center line of the pump cylinders (or 
other datum detenninod on). Should the gage be located below the datum line, this 
distance is to be subtracted instead of added. 

Suction Lift. —The suction lift is found by adding to the reading in feet shown by 
the gage connected to the suction main the vertical distance in feet between the 
datum line noted and the point where the gage pipe (ionnects to the main. Should 
the point of connection of the gage be located above the datum line, this distance is to 
be subtracted instead of add(;d. 

Suction Head. —The siuition head, which obtains in cases where the suction pipe 
is under pressure, is found by subtracting the vertical distance in feet between the 
datum line and the center of the gage on the suction main (if of the Bourdon spring 
type) or the lower surface of the mercury (if of the mercurj'^ type) from the pressure 
in feet shown by the suction gage. 

Capacity. —The capacity by displacement, in cubic feet per 24 hours, is found by 
multiplying the net or effective area in square feet of all the plungers by the length 
of the stroke in feet, the number of discharge strokes per minute, and the constant 
1,440. The equivalent capacity in U. S. gallons per 24 hours is found by multiplying 
the capacity in cubic feet as determined above by the constant 7.48. 

Water Horsepower. —The water horsepower is found by multiplying the weight of 
water pumped, in pounds per hour, by the average total head in feet, and dividing 
the product by 1,980,000. 

Duty per 1,000 Pounds of Steam. —The duty in foot-pounds of work done per 1,000 
pounds of steam is found by multiplying the number of pounds of water pumped 
during the test by the average total head in feet, dividing the product by the number of 
pounds of steam supplied during the test, and multiplying the quotient by 1,000. 

Duty per 1,000,000 B.t.u. —The duty in foot-pounds of work done per 1,000,000 
B.t.u. is found by multiplying the number of pounds of water pumped during the 
test by the average total head in feet, dividing the product by the number of B.t.u. 
supplied (as above), and multiplying the quotient by 1,000,000. 
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Table XLV.—Test op Reciprocating Steam-engine Driven Displacement Pump 

General Informalion 

(1) Date of test; (2) location; (3) owner; (4) builder; (6) test conducted by; (6) 
object of test; (7) duration of test. 

Description and General Dimensions 

8. Type of unit. 

9. Number of steam cylinders. 

! h.p.in. 

i.p.in. 

I'P.in- 

11. Diameter of steam piston rods.in. 

12. Stroke of steam pistons.in. 

13. Plungers, number. 

14. Single or double acting. 

15. Inside or outside packed. 

16. Diameter of plungers.in. 

17. Stroke of plungers.in. 

18. Diameter of plunger rods (if any).in. 

19. Net area of each plunger.sq. ft. 

20. Type of condenser. 

21. Location of condenser. 

22. Cooling surface in condenser.sq. ft. 

23. Type and size of condenser pumps. 

24. Type and size of exhaust pipe or receiver, feed-water heaters, steam reheaters, 
and jacket pumps or other auxiliaries a part of the unit. 

Test Data and Results 

Pressures 

25. Steam pressure at throttle (gage).lb. per sq. in. 

26. First receiver pressure (gage).lb. per sq. in. 

27. Second receiver pressure (gage).lb. per sq. in. 

28. H.p. jacket pressure (gage).lb. per sq. in. 

29. I.p. jacket pressure (gage).lb. per sq. in. 

30. L.p. jacket pressure (gage).lb. per sq. in. 

31. Barometer.in. of mercury, as observed at.. .®F. or. .lb. per sq. in. abs. 

32. Corresponding absolute pressure (Items 25, 26, 27, 28, 29, and 30) .lb. per sq. in. 

33. Vacuum in exhaust pipe near l.p. cylinder . . in. of mercury at .. °F. lb. per sq. in. 

34. Corresponding absolute pressure near l.p, cylinder.lb. per sq. in. 

35. Vacuum in condenser.in. of mercury at.°F.lb. per sq. in. 

36. Corresponding absolute pressure in condenser.lb. per sq. in. 

Temperatures 

37. Steam at throttle valve.®F. 

38. Exhaust steam.°F. 

39. Water pumped.°F. 

40. Condensate leaving surface condenser.°F. 

41. Condensate or feed water entering feed-water heaters.°F. 

42. Condensate or feed water leaving feed-water heaters.°F. 

43. Temperature rise in feed-water heaters.®F. 

44. Condensate from jackets.°F. 

45. Condensate leaving first receiver.®F. 
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46. Condensate leaving second receiver. 

47. Condensate from other drains. i .'®F. 

48. Engine-room air.°F. 

49. External air.®F. 

Total Head 

60. Discharge pressure by gage.lb. per sq in. 

51. Equivalent discharge head.ft. of water 

52. Vacuum or pressure shown by gage on suction main.ft. of water 

53. Dis(*.harge head referred to datum line.ft. of water 

54. Suction head or suction vacuum referred to datum line.ft. of water 

55. Total head pumped against.ft. of water 

56. Actual suction lift (if any) measured to highest point of discharge 

valve deck, (surface in which valve seats are inserted).ft. of water 

Quality of Steam near Throttle 

57. Dryness factor of steam.per cent 

58. Superheat in steam (if any).®F. 

Total Steam Quantities 

59. Total steam as measured supplied to engine and the auxiliaries concerned in 

its operation as specified .lb. 

60. Correction factor conforming to conditions agreed upon.per cent 


61. Total estimated steamsupplied conforming to conditions agreed upon_lb. 


Total Pump Quantities 

62. Total quantity of w'ater pumped by plunger displacement. . U. S. gal. or cu. ft. 

63. Equivalent total weight of water pumped. lb. 

64. Total quantity of water pumped as shown by other means of 

measurement.U. S. gal. or cu. ft. 

Hourly Steam Quantities 

65. Steam, as measured, supplied per hour. lb. 

66. ‘‘Estimated steamsupplied per hour. lb. 

Hourly Pump Quantities 

67. Quantity of water pumped per hour by plunger displacement .U. S. gal. or cu. ft. 

68. Equivalent weight of water pumped per hour. lb. 

69. Quantity of water pumped per hour as shown by other means 

of measurement.U. S. gal. or cu. ft. 

70. Slip in percentage of plunger displacement.per cent 

Heat Supplied (based on steam supplied, as measured, Item 69) 

71. Total heat per pound of steam at throttle.B.t.u. 

72. Total heat in steam supplied.B.t.u. 

73. Total heat returnable from engine to boiler.B.t.u. 

74. Net heat supplied.B.t.u. 

75. Net total heat supplied per hour.B.t.u. 

Heat Supplied (based on total “estimated steam,” Item 61) 

76. Total heat per pound of steam at throttle.B.t.u. 

77. Total heat in steam supplied.B.t.u. 

78. Total heat returnable from engine to boiler.B.t.u. 
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79. Net heat supplied.B.t.u. 

80. Net total heat supplied per hour.B.t.u. 

Speed 

81. Total number of revolutions. 

82. Total number of single strokes. 

83. Actual length of stroke, if direct-acting.ft. 

84. Revolutions per minute.r.p.m. 

85. Single strokes per minute.strokes per min. 

86. Piston and plunger speed per minute.ft. per min. 

Power 

87. Total work done during test.ft.-lb. 

88. Water horsepower.water hp. 

89. Combined hydraulic and mechanical efficiency.per cent 

90. Indicated steam horsepower.i.hp. 

91. Mean effective pressure (referred to l.p. cylinder if multiple-expan¬ 

sion engine).lb. per sq. in. 

92. Indicated water horsepower.i. water hp. 

Economy Results (based on steam supplied as measured, Item 65) 

93. Steam supplied per indicated horsepower-hour.lb. 

94. Heat supplied per indicated horsepower-hour.B.t.u. 

95. Heat supplied per water horsepower-hour.B.t.u. 

Economy Results (based on estimated steam,Item 66) 

96. Steam supplied per indicated horsepower-hour.lb. 

97. Heat supplied per indicated horsepower-hour.B.t.u. 

98. Heat supplied per water horsepower-hour.B.t.u. 

Efficiency Results 

99. Thermal efficiency (referred to indicated horsepower) based on steam as 

measured (2,545t -j- Item 94).percent 

100. Thermal efficiency (referred to indicated horsepower) based on “esti¬ 

mated steam (2,545 ^ Item 97).per cent 

Duty 

101. Duty per 1,000 lb. of steam as measured.ft.-lb. 

102. Duty per 1,000 lb. of “estimated steam.ft.-lb. 

103. Duty per 1,000,000 B.t.u. based on steam supplied, as measured.ft.-lb. 

104. Duty per 1,000,000 B.t.u. based on “estimated steam.ft.-lb. 


In cases in which the pump is driven by an electric motor, the char¬ 
acteristics and efficiency of the motor, and the power input to the motor 
should be obtained and used in accordance with the rules of the American 
Institute of Electrical Engineers. 

Tests of Centrifugal Pumps. —Tests of pumps operating against 
low heads such as single-stage centrifugal pumps are made in the same 

The correction factor used shall be stated in percentage, and the basis and method of determining 
it described. 

t The heat equivalent of one horsepower hour is 33,000 foot pounds per minute X 60 -i* 778 (foot 
pounds in 1 B.t.u.) 2,545 B.t.u. per hour. 
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way as explained for the triplex belt-driven fe^d pump. It is desired, 
of course, from the results of the tests to compare the power supplied to 
the pump with the work done in lifting the water. Power supplied would 
probably be again measured by some form of transmission dynamometer, 
and the work done is calculated from the weight of water delivered and 
the total head against which the pump delivers. 

Centrifugal pumps are frequently driven by direct-connected steam 
turbines. The horsepower required to drive the pump is then determined 
from a speed-power curve of the turbine similar to Fig. 272, page 375. 
It is obtained usually from a Prony brake test of the turbine. If the 
pump is driven by a variable-speed electric motor, a speed-power curve 
of the motor can be used. Usually, however, when a constant-speed 
motor is used it is simpler to determine an efficiency curve of the motor 
for varying power. 


A.S.M.E. TEST CODE (1926) FOR CENTRIFUGAL AND ROTARY PUMPS 

(ABRIDGED) 

This Code for testing centrifugal and rotary pumps applies to tests 
for determining the performance of the pump only and does not apply to 
the performance of piping, driving apparatus, or other auxiliaries. 

Instruments required for measuring the head of water and speed of pump are 
(a) pressure gage; (h) vacuum gage; (c) mercury column; (d) revolution counter; (e) 
tachometer. 

Operating Conditions. —The three elements constituting operating conditions are 
(a) the quantity of water delivered by the pump; {h) the total dynamic head; (c) the 
speed in revolutions per minute. 


The prevailing total dynamic head under operating conditions may 
or may not be the correct designed head. If possible, this head should be 
brought to the designed value by suitable methods applicable to the local 
conditions of installation. Throttling by means of a valve in the dis¬ 
charge line is the most feasible means to raise the total head in case the 
operating head is less than the designed value, but there shall be no 
throttling of a valve in the suction line close to the pump. 

Providing additional delivery openings in the discharge mains at a 
lower elevation will usually allow the total head to be reduced to the 
designed value. (Example: Opening hydrants in a system of street 
mains.) 

Each of the various measurements for a given run shall be computed 
by averaging a series of instantaneous readings taken simultaneously at 
equal time intervals. Notations shall be made of extreme fluctuations 
at any instant. A sufficient number of readings shall be taken in making 
an observation so that the addition or elimination of a single reading 
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representing a maximum swing of the instrument shall not affect the 
average by more than 1 per cent. 

The formulas given in this Code are based on the use of water having a 
specific gravity of unity. Unless otherwise stipulated, the temperature 
of the water during the test shall not exceed 85°F. 

Duration of Test. —The duration of the test depends on the method of 
driving the pump and on the method used to measure the discharge. 
Since guaranteed conditions generally cover only one point in the head, 
speed, and capacity characteristics, it is recommended that data for 
additional points on these curves be taken when special information is 
desired. In these additional tests the capacity should be varied in steps 
covering a range of at least 10 to 15 per cent above and below the normal 
tested delivery of the pump and curves plotted of the results. This 
procedure gives complete pump characteristics and furnishes a check on 
the separate tests in the smoothness of the two separate curves (head— 
capacity and shaft horsepower—capacity). 

Standard Units. —The standard unit for volume shall be the U. S. gallon or the 
cubic foot. The gallon unit shall be expressed in gallons per minute (g.p.m.) or million 
gallons per day of 24 hours (ni.g.d.) TIk^ cubic foot unit shall be expressed in cubic 
feet per second. The standard U. S. gallon contains 231 cubic inches. 

For temperatures not exceeding 85°F. the specific, gravity of water may bo taken 
as unity. (At 85° the specific gravity is 0.9957.) Seven and forty-eight hundredths 
gallons is equal to 1 cubic foot and 448.8 gallons per minute is equal to 1 cubic, foot a 
second; 694.4 gallons per minute is equal to 1,000,000 gallons per day of 24 hours. 

The unit for measuring head shall be the foot. The relation between a pn'ssure 
expressed in pounds per square inch and that expresstMl in feet of head is 1 pound per 
square inch — 2.31 feet (water) when the specific gravity of the licpiid is unity. (One 
inch of mercury = 1.132 feet of water.) In reading gages calibrated in pounds per 
square inch, when other than water is handled, or when the temperature of the water 
is such that the weight per cubic foot is greater or less than 62.35 pounds, it is ne(;essary 
to divide the reading in pounds per square inch by the specific gravity and to multiply 
by 2.31. Example: 100 pounds per square inch pressure on brine of 1.25 gravity is 
equivalent to 185-foot head; the same pressure on oil of 0.85 gravity is equivalent to 
272-foot head; and a like pressure of 100 pounds per sfpiare inch on water at 210°F. 
having a gravity of 0.96 is equivalent to 240-foot head. 

The unit for measuring power shall be the horsepower delivensd to the pump shaft 
and designated as shaft horsepower (s.hp.). 

Measurement of Quantity of Water. — Methods of water measurement arc divided 
into primary and secondary methods, according to whether the method is in itself an 
absolute measurement of quantity or merely the measurement of an effect of quantity 
of rate of flow. Of these methods the only primary methods are those of measurement 
by volume or weight. 

These are measurements by weir, venturi meter, nozzle, or Pitot tube. Practically 
all these instruments involve a coefficient whose value and range of application are 
really well-known, but if not they should be determined by a separate test. 

Measurement of Head. —^The net total head is the total dynamic head produced by 
the pump and is represented by the difference between the absolute heads at the 
discharge and suction nozzles, any difference between the elevations of these nozzles 
with respect to a fixed datum and any difference between the velocity heads at the 
points of measurement being taken into account. 
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With the suction and discharge velocities equal and the suction and discharge 
gages at the same elevation, the true dynamic head is the difference in absolute pressure 
that these gages register. 

Where accuracy is desired, it is recommended that mercury manometers be used 
instead of Bourdon gages when the head against which the pump is operating is 50 
feet or less. When Bourdon gages are used, it is recommended that drain cocks be 
placed immediately below the gages and that frequent tests be made to determine 
that the pipe connections of the gage are full of water. Mercury gages shall be 
calibrated under the actual conditions of temperature, specific gravity, etc., prevailing 
in the test by comparing the gage reading with the height of a water column. With 
any form of gage care shall be taken to eliminate any leaks in the connecting piping, 
even if small, and to avoid the trapping of air in the connecting pipe or hose. 

The total dynamic head H may be expressed by means of a formula. 

Where hd = dis(!harge-gago reading, in feet, corretited to datum elevation. 

ha = atmospheric-pressure head, in feet, corresponding to the barometer. 
Hd = hd ha — absolute discharge pressure head, in feet. 
hs = suction-gage reading, in feet, corrected to datum elevation. 

Ha ~ ha -h ha ~ absolutc suction pressure head, in feet. 

Vd ~ mean discharge velocity, in feet per second. 

Va = mean suction velocity, in feet per s(*cond. 


/Head equivalent to'^ ^Ilead equ’ valent to’^ 


^ total energy 


diacharge 


nt to\ /h ___ 

of I ~ ( total energy of 
/ \ suction 


H = {ll 


= Ha 




29, 


With Bourdon gages see Figs. 319 and 320. 

If mercury U-tubes are used, the procedure is the same (see Figs. 321 to 322). 

For differential gages (Bourdon type) the gage n*ads exact value of Hd — H, [see 
Fig. 323 (1)]. 

If a mercury U-tube^ is used as a differential, care must be exercised that all the 
connections are either entirely filled with water or entirely filled with air [see Fig. 
324 (2) and 325 (1)]. 

Measurement of Power Input.—Measurement of power input to the pump, that 
is, the shaft horsepower (s.hp.) of the pump, falls into two general classes. Some 
measurements are those which in themselves determine the actual power or torque 
delivered to the pump and are therefore made entirely during the test, with some 
form of transmission dynamometer. Other measurements are those which involve 
measurement, during the pump test, of power input to the driving element and the 
previous or subsequent determination of the relation of the power input to the power 
output of this driving element under the identical conditions of the pump test (effi¬ 
ciency or calibration of the driving element). 

Water Horsepower .—The water horsepower (w.hp.) is found by the following 
formulas: 


, Q X W X total head in feet 
w.hp.-^--, 

1 Mercury U-tubes to have uniform bore at working range hd or To check this, 
observe deflection above and below zero point. If unlike, add or subtract half the 
difference to / and /i. Add when lower-leg reading is greatest, subtract when upper- 
leg reading is greatest. 
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Fig. 319.—Suction head above atmospheric pressure (by Bourdon gages). 



Fio. 320.—Suction head below atmospheric pressure. 
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Fig. 322.—Suction heads less than atmospheric pressure (by manometers). 
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Fig. 323.—Heads of water measured by differential gages (Bourdon type). 





564 


POWER PLANT TESTING 


where Q ~ number of cubic feet of liquid pumped per second. 

W = weight of liquid, in pounds per cubic foot. 

When the weight of water is 62.32 pounds per cubic foot—density at standard tem¬ 
perature of 68°F.— 

, _ g.p.m. X total head in feet* 

P' - 33,06oiro;i20 • 


SucHon Head either above orbeiow Amoipheric, Discharge Head above Atmospheric 


xC.L.Pump 



Hi -Reading m Feet oFMercury 
S =■ Spec life Gravity of Mercury 
By-Pass to be opened beFore reading- 
to be sure connecting pipes are filled, 
anddos ed while talcing readings 
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_^-C.i,Pcn,p I ! 

H=SHi+-^^-f*fi 
T 

Connecting Pipes to be droiined 
before taking readings 

Hi = Reading m Feet of Mercury 


\Disc harge 


VdW 


H, 


Fia. 324.—Heads of water measured by “differential” manometers. 


Efficiency.—The efficiency of a pump is the ratio of the energy converted into 
useful work to the energy supplied to the pump, that is, the ratio of the water-horse¬ 
power (w.hp.) output to the shaft-horsepower (s.hp.) input, or 


Efficiency in per cent 


w.hp 

s.hp. 


• X 100. 


* Where g.p.m. is gallons per minute, and 0.120 is a conversion factor with which to 
divide gallons of water per min. (at G8°F.) to obtain the equivalent weight in pounds, 
thus, 


G.p.m. X 231 
1,728 


X 62.32 = 0.120 pound, 


the numbers 231 and 1728 being, respectively, the cubic inches in a gallon and in a 
cubic foot, and 62.32 the weight of a cubic foot of water. 
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Fig. 325.—Heads of water niea.sured by water gages and U-tubes. 



Fig. 326.—Characteristic curves of centrifugal pump. 

When it is impossible to obtain the designed speed on test owing to variation of 
frequency in the electric current or other causes, corrections in the capacityy heady 
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and shaft horsepower to correspond to the designed speed may be made from test data. 
These corrections are based on the fact that within small differences in speed the 
capacities vary directly as the speeds, the heads as the squares of the speeds, and the 
shaft horsepowers as thQ cubes of the speeds where the speed variations do not exceed 
3 per cent. 

It is customary to present the results of a test in the form of a single sheet upon 
which are drawn three curves expressing respectively^ the relation between (a) efficiency 
and capacity, (6) head and capacity, and (c) shaft horsepower and capacity (see Fig. 
326). The values used in plotting these curves are those computed for a given definite 
speed of the pump, usually that at which the pump operates at best efficiency or that 
at which it was designed to operate. 

If the pump under test is of the rotary displacement type, such as the gear pumpy 
its volumetric displace.7nent corresponding to the speed developed in the test may be 
computed, and the diff(‘rence l)otwcen this displacement and the quantity actually 
pumped may be stated as the slip, expressed as a percentage of the displacement. 

Table XLVI. —Test of Centrifuoal ok Rotary Pumps 
General Infortnation 

(1) Date of test; (2) location; (3) owner; (4) builder; (5) test conducted by; (6) 
object of test; (7) builder. 


Pump Data 

9. Type (centrifugal or rotary, horizontal or vertical, shaft, split, or solid casing, 
enclosed or open-type impeller, single or multistage, spiral casing, with or 

without diffusion vanes, etc.). 

10. Rated capacity. 


11. Rated head.ft. 

12. Rated speed.r.p.m. 


13. Liquid pumped (clear, muddy or sandy water, or other fluid, specific gravity, 

temperature, etc.). 

14. Method employed for measuring quantity of wat(^r. 

15. Method employed for measuring power. 

16. Method employed for measuring head. 

17. Duration of period of measuring quantity of water.hr. 


18. Duration of period of measuring power.hr. 

19. Duration of period of measuring head.hr. 

20. Size of discharge outlet.in. 

21. Size of suction inlet.in. 


22. Time in service and general condition of pump. 

Driver Data 

23. Type (motor, turbine, gear, belt, etc.). 

24. Name of builder. 

25. Builder’s type and serial number. 

26. Rated conditions (horsepower, speed, electrical or steam conditions, etc.). 

27. Time in service. 

Results 

28. Volume of water pumped.cu. ft. or.g.p.m 

29. Discharge head absolute: 
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(a) Computed velocity in suction pipe at gage.ft. per sec. 

{b) Computed velocity in discharge pipe at gage!.ft. per sec. 

(c) Head due to difference in velocity heads, plus or minus.ft. 

30. Suction head, absolute. ft. 

31. Total head on pump(p. 548).ft. 

32. Speed.r.p.m. 

33. Water horsepower.hp. 

34. Horsepower input to driver.hp. 

35. Efficiency of driver.per cent 

36. Shaft horsepower or horsepower input to pump.hp. 

37. Pump efficiency.per cent 

38. Plot (sec Fig. 326). 

39. Test conducted by. 


40. Specific speed of pump = r.p.m. X '\/Q H^ at maximum efficiency point 
(from characteristic curve, Fig. 326). In this equation Q is cubic feet of liquid 
pumped per second, and H is the total dynamic head (p. 561), in feet. 

Tests of Impulse Water Wheels.—Impulse wheels used to operate 
with water under pressure consist usually of a series of buckets attached 



Fig. 327.—Typical impulse water wheel. 


to the periphery of a disk or wheel. Figure 327 shows a typical impulse 
wheel. It is, therefore, impracticable to measure the head directly 
in feet but it is done usually by measuring the pressure with a gage 
near the nozzle N, When the center of the gage is at a higher level than 
the center of the nozzle discharging on the wheel, then this difference 
in level must be added to the head calculated from the gage pressure 
to determine the total head under which the wheel is operating. Power 
developed is measured usually by a Prony brake connected to the shaft 
S, In all tests where a large quantity of water is used, the temperature 
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of the water should be recorded and the weight corresponding should 
be used. 

Laboratory tests for a given head are usually run when varying both 
the load and speed. Make the first test with the load on the Prony 
brake as light as possible consistent with fairly steady operation of the 
wheel, and then take a series of tests, increasing the load in increments 
to reduce the speed about 100 revolutions per minute in each succeeding 
test. Duration of test at each speed should be from 20 to 30 minutes 
with observations taken every 2 minutes. The following form may be 
used for tests: 


Table XLVII.— Test of Impulse Wheel 

General data: 

1. Date. 

2. Name of wheel and nominal horsepower. 

3. Kind of bucket. 

4. Number of buckets. 

5. Angle of buckets. 

6. Diameter of bucket wheel, inches. 

7. Area of nozzle and delivery pipe, square inches. 

8. Coefficient of discharge for type of nozzle. 

9. Diameter of brake wheel, inches. 

10. Length of brake arm, inches. 

11. Tare of brake, pounds. 

12. Duration of test. 

13. Average temperature of water, degrees Fahrenheit. 

14. Average pressure by gage at wheel, pounds per square inch. 

15. Average head at wheel in feet*. 

16. Quantity of water for total run in pounds. 

17. Quantity of water in pounds per minute. 

18. Cubic feet of water per minute. 

19. Foot-pounds of work per minute calculated from Items 15 and 17. 

20. Revolutions per minute. 

21. Net weights on brake, pounds. 

22. Horsepower as measured by brake. 

23. Overall efficiency of motor, per cent Item 22 -r- Item 19 X 33,000 . 

' Corrected for vertical distance from the center of the gage to the center of the nozzle. 

Curves.—Plot a curve for each head with speed for abscissas and 
eflSciency in per cent for ordinates, also curves for the ratio of the velocity 
of the periphery of the wheel Vp to the theoretical velocity due to the 

head Vt\ that is, ~ for abscissas and the maximum horsepower devel¬ 
oped for ordinates.^ 

Air Lifts.—Pumping water by compressed air has had extensive appli¬ 
cation in recent years. There are several methods in use, but the most 
successful is that using air expansively for raising water as shown diagram- 
' Plot curves showing effect of head on efficiency if several tests are run at different 
heads. 
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matically in Fig. 328, called the ''air lift.^' It consists of a delivery pipe 
D set down into the well and a small pipe for compressed air having a 
nozzle N at the end and entering the discharge pipe as shown. It is a 
more usual construction to admit the air to the discharge pipe through 
holes from an annular chamber encircling it, but the method of operation 
is practically the same as shown. Water is raised by the buoyancy of 
the air. Let hi be the depth of submersion of the delivery pipe measured 
to the point where the air enters, and be the total lift measured from 
the same point. Pressure of air at the place of entrance must be theoreti¬ 
cally equal to the pressure corresponding 
to the head of mixed water and air above 
it in Z>. This pressure decreases, how¬ 
ever, as the air rises and expands so that 
at the top of D the pressure is little above 
at mospheric. Work required of the com¬ 
pressor varies with the difference between 
the depth of submersion of the delivery 
pipe h\ compared with the net lift h^ — hi. 

The pressure required is then compara¬ 
tively high and the efficiency low. On 
the other hand, a very small submergence 
necessitates a relatively large quantity of 
air to produce the required velocity, so 
that again the efficiency is low. Maxi¬ 
mum efficiency, usually about 50 per cent, 
is obtained when the net head /?2 — hi is 
from 15 to 30 feet. At 150 feet the 
efficiency is scarcely ever as much as 20 
per cent. 

The following quantities should be determined in a test: (1) horse¬ 
power of air compressor, (2) volume of free air (see page 452 and 457) 
compressed, (3) weight of water pumped, (4) net lift (/12 — hi), (5) 
efficiency, which is the ratio of the work equivalent of lifting the water 
to the work done in compressing the air, both in foot-pound units. 

Tests of Hydraulic Rams.—A section of a typical hydraulic ram is 
shown in Fig. 329. It consists of an air chamber H, to which is connected 
the discharge pipe I. There is a check valve G opening into the air 
chamber from the lower chamber A into which water is brought by the 
pipe S. There is a waste valve at B, This valve is weighted and opens 
inward. By means of a nut J on the stem of this valve the lift or amount 
of opening of the valve can be regulated. When water is supplied to the 
ram, it escapes through the waste valve B with a velocity corresponding 
approximately to that due to the head under which the water is supplied. 
The effect of this velocity head is to reduce the pressure on the upper side 
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of the valve so that it becomes unbalanced and closes suddenly. Then 
the momentum of the column of water in the pipe S becomes sufficient 
to open the valve G and will discharge some water into the discharge 
pipe I against a considerable head. As soon as the pressures become 
equalized, the valve G closes, the waste valve B opens, and water from the 
supply pipe is again ‘^wasted.'' This alternate action is produced with 
regularity, and as a result the water in the supply pipe acquires a certain 
‘^backward and forward^' wave motion. As the rule is generally stated, 
the length of the supply pipe leading from the reservoir to the ram must 
be at least five times the head. This length is necessary to secure some 
resistance to this “backward and forward^' wave motion. A small air 


I 



Fiu. 329. —Section of a simple hydraulic ram. 


chamber shown at P, with a check valve C opening inward to supply air, 
is provided in many of these rams, as it improves the efficiency. The 
rate of opening of the waste valve or the number of pulsations in a given 
time can be varied by changing the weight on its stem. This apparatus 
is tested usually by measuring the supply and the discharge heads, the 
weight of water discharged through the delivery pipe Wi, and that passing 
through the waste valve W 2 in pounds per minute. Then the available 
energy in the water is (wi + where hg is the supply head; and the 

useful work is Wihdf where hd is the discharge head,^ then, 

and the capacity Q in gallons per 24 hours is Q = l,440it>ig, where q is 
the fraction of a gallon of water in a pound. Satisfactory runs of 20 
minutes' duration can usually be made, each run being made with a 
different lift or “stroke" of the waste valve B, Observations of the 

^ Both the supply and the discharge heads must be measured, of course, from the 
same datum or *‘zero^’ level. 
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heads should be taken every 6 minutes if thejr are variable, and weighing 
as often as is necessary, depending on the size of the tanks used. The 
eiffect on the efficiency of increasing the lift or ‘‘stroke’^ of the waste 
valve from | inch by increments of | inch is interesting. 

Curves.—Plot curves with length of ‘‘stroke” as abscissas and take 
for ordinates: 

1. Efficiency. 

2. Capacity in gallons per 24 hours. 

3. Strokes per minute. 

Figure 330 shows a slightly different form of ram, as made commer¬ 
cially. The principle of operation is, however, the same as the one in 



Fig. 330.—Commercial type of Fig. 331.—Single-tube steam injector, 

hydraulic ram. 


Fig. 329. Letters used for marking the parts are the same in the two 
figures. 

Tests of Injectors.—^The injector is known particularly in stationary 
service as the device used for pumping water into the boiler when the 
feed pump fails. One of the various forms of injectors sold commercially 
is shown in Fig. 331. The steam supply, the suction or water supply, 
the delivery or discharge, and the overflow are marked clearly. 

Method of Operating Injectors.—^The method to be given, although 
applicable particularly to the one described, is, however, more or less 
generally applicable to all makes. Open wide both the steam- and 
water-supply (suction) valves. Then close the water-supply (suction) 
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valve slowly tintfl the overflow ceases. Regulate the rate of delivery 
by closing the water-supply (suction) valve. Before testing an injector 
or indeed even before trying to operate a new injector, inspect the pipe 
fittings and particularly the valves on the water-supply pipe to observe 
whether they are tight. It is not at all unusual to find that the valve 
is not airtight, and for this reason it is a very good practice always to 
put some new wicking in the space for packing around the stem of the 
valve on the water-supply pipe; and turn up tightly the cap over the 
packing. 

Method of Testing. —For the testing of injectors the arrangement of 
apparatus consists usually of two barrels supported on platform scales, 
or carefully calibrated tanks fitted with gage glasses. During a test 
the injector draws water from one barrel or tank and discharges it into 
the other. A test of an injector must be made, of course, with estab¬ 
lished conditions, that is, with a flying start. This may be accomplished 
by having the injector draw water from the supply tank but discharge 
water through a by-pass connection on the discharge pipe until the test is 
to begin. For this preliminary operation of the injector the level in the 
supply tank can be maintained very closely, at any point marked, by 
manipulating a ^^quick-opening” valve. When the test is to begin, close 
as quickly as possible this valve on the pipe discharging into the supply 
tank and turn the discharge from the by-pass into the delivery tank. 
To make this adjustment, all the valves to be operated should be of the 
“quick-opening” type. The pressure against which the injector is to 
operate is secured by throttling the discharge pipe by means of a globe 
or an angle valve placed between the injector and the by-pass on the 
discharge pipe. The quick-opening valve would not be satisfactory. 
The suction head is measured from the middle of the injector to the 
average level of the water in the supply tank. The discharge head is 
obtained by adding to the head in feet corresponding to the pressure 
indicated by the gage the distance in feet from the center of the gage to 
a horizontal line through the middle of the injector. The temperatures 
of the water in the supply and delivery pipes must be observed. The 
injector is stopped at the end of the test by closing the steam valve. 

The following form for tests when the steam supplied is dry, saturated, 
or wet is similar to the one used at Purdue University. If the steam 
supplied is superheated, suitable corrections must be made in the data 
and in the formulas given. Tests should be made for several discharge 
pressures. Notes explaining the calculations required are given. 

Table XLVIII.— Test or an Injector 

Make of injector.Date. ... 

Number. 

Size of connections: steam.in. dia.; water.in. dia.; discharge 

.in. dia.; area of discharge (= a).sq. in. 
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Diameter (minimum) of lifting tube.in.; forcing tube.in. 

a. Duration of test.hr. Barometer.in. mercury at... .®F. 

h. Steam pressure (average) p,.lb. per sq. in. abs. 

c. Delivery pressure (average) p 2 .lb. per sq. in. (gage) 

d. Maximum pressure against which injector will discharge, lb. per sq. in. (gage) 

c. Suction head (average), feet, hi . 

/. Delivery head (average), feet, / 1.2 . 

g. Temperature of supply (average) h .°F. 

h. Temperature of delivery (average) U .®F. 

i. Pounds water supplied per hour, . 

j. Pounds water and steam delivered per hour, Wm . 

k. Cubic feet of water delivered per hour, Q . 

l. Wet steam per hour, \Va{= Wm — w^,) . 

m. Dry steam per hour, w\{ — xiVa where x is quality of steam). 

n. Water delivered per pound wet steam, pounds (= w,) . 

0 . Water delivered per pound dry steam, pounds (=«)«, -r- w\) . 

p. Velocity of discharge, feet per second, v( = 144© -i- 3,600a). 

q. Energy delivered, raising injection water, B.t.u. per hour. 

r. Energy delivered, heating injection water, B.t.u. per hour. 

s. Energy delivered, velocity of discharge, B.t.u. per hour. 

t. Total energy delivered, B.t.u. per hour. 

u. Energy supplied, B.t.u. per hour. 

V. Thermal efficiency as a boiler-feed apparatus.per cent 

w. Thermal efficiency as a pump.per cent 

X. Horsepower. 

y. Dry steam per horsepower per hour, pounds. 

The energy of raising injection xmter = [je„^(/?-i -j- h^) -f 778 B.t.u. per hour. 

The energy of heating injection water = xc^^hfz — h/i) where h/i and h /2 are the heat 
of the liquid corresponding to ii and hj B.t.u. per hour. 

The energy of discharge = WmV^ {2g X 778), B.t.u. per hour. 

The total energy delivered = Item q -f- Item r -f Item s. 

The energy supplied = xL\{xhfgs 4- hf, — /i/ 2 ), where h/ga and /i/* are the heat of 
evaporation and heat of liquid corresponding to p,, and h/i corresponds to t 2 . 

The thermal efficiency as a boiler-feed apparatus = 100 X 


The thermal efficiency as a pump = 100 X — 

^ XVw{hi -f- Ao) + U'shi 

Tho horsepower = - 

The dry steam per horsepower per hour = w/ 

rr .1 j . 1,000,000 -f item p 

The pump duty-j—- 


Item u 

It(un q 4 - Item g 
Item u 


The pump duty = 


_ l,000,000[7/v(Ai 4" hn) 4* w$h 2 ] noft'i 

"" 77Hw.(xra + qa - q^) ^ ^ 

The weight of steam found by direct weighing may be checked by 
calculating (assuming radiation loss negligible) a “heat balance” in 
which this weight will be the only unknown; thus for this condition, 


1 r 

w,(,xh/f, + hf,— hft) = Wujihi + hi) + w,hi + {Ww + M',)2gJ 

w„{hfi - 
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or, approximately, 

r 

hi + hz + 778(hf2 — h/i) + ~ 

7/j ~ =:-——■ ■ - .^ 

* 778{xhfaa + hfa — /I/ 2 ) ““ ^2 

Curves. —Plot with discharge pressures for abscissas, curves with both 
thermal efficiency and capacity (gallons or pounds of water per 24 hours) 
as ordinates. 

Tests of Pulsometers. —A type of steam pump called a pulsometer is 
illustrated in section in Fig. 332. In the form shown here it consists 
of two chambers AA, joined by tapering necks into which a ball C is fitted 
so as to move in the direction of the least pressure between seats in these 

tapering passages. The chambers A A, 
on opposite sides, are connected by 
means of check or clack valves EE with 
the induction chamber D, Water is 
delivered through the passage 11, which 
is connected to the chambers through 
the valves 0, Between the chambers 
is also a vacuum chamber J, connecting 
them with the ^'induction'' chamber D, 
Small air valves, moving inward, supply 
air to the chambers A A by opening 
when the pressure is less than atmos¬ 
pheric. Its operation is explained 
briefly as follows: Starting with the 
left-hand chamber full of water and 
with a vacuum in the right-hand cham¬ 
ber, this latter chamber will fill with water, which by its momentum, due 
to its rushing in suddenly, pushes back the valve C toward the left. Now 
during this time steam has entered the left-hand chamber to the left of 
the valve C (before it has shifted) and by exerting a pressure on the 
surface of the water it forces it through the check valve G, first into the 
delivery passage H and then into the air chamber J. Then the steam in 
this left-hand chamber condenses in contact with the cold water and forms 
a vacuum, permitting the repetition of this cycle of events, except that 
the operations in the two chambers are reversed. 

Since all the steam used is condensed and discharged with the water 
lifted, the analysis of the operations in a pulsometer are similar to those 
in the familiar types of injectors, except that the steam acts in the 
pulsometer by pressure instead of by impact as in the injector. 

The method of testing a pulsometer is exactly the same as for an 
injector (page 571). Since the theory of operation of the pulsometer 



Fig. 332.—Steam pulsometer. 
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and injector is the same, the calculated results and curves to be plotted 
are similar. 

The A.S.M.E. Test Code for Hydraulic Power Plants is not included 
here for lack of space. It was published in Mechanical Engineering, 
April, 1922, and is now available in pamphlet form, as approved April, 
1927. 
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TESTING OF GOVERNORS 

A.S.M.E. TEST CODE (1927) FOR SPEED-RESPONSIVE GOVERNORS 

Tests for Speed Regulation—Regulations with Variation of Load.— 

The regulating characteristics are best determined by operating the prime 
mover on a load by itself, such as a water rheostat, which may be thrown 
on and off at will, in whole or in part. The prime mover should be 
operated with a wide-open throttle, or gate, and under normal con¬ 
ditions as to temperature and pressure at the throttle and exhaust pres¬ 
sure. The speed should be recorded after various increments of load, 
commencing at zero and terminating with the maximum load the unit is 
intended to carry, with not less than eight intermediate increments of 
load. The load increments should be applied slowly. Before taking 
any readings, ample time should be allowed after changing the load to be 
sure that the speed is constant for the new steady load and the prime 
mover has settled down to constant conditions. At each observation 
the load and speed should be accurately determined. Inlet and outlet 
water heads in the case of hydraulic turbines, and throttle temperatures 
and pressures and exhaust pressures in the case of steam prime movers, 
should be recorded as evidence that normal operating conditions have 
been maintained. Other pressures, such as stage pressures with a steam 
turbine, are illuminating and should be recorded. 

For this test, speeds may be taken by a mechanical counter and determined by 
counting the revolutions per minute over a period of not less than 5 minutes. An 
indicating tachometer should also be used as a check on speed constancy during the 
period of observation. The test with increasing load is to be repeated with decreasing 
load. The test is to be regarded as unsatisfactory if there is any easily observable 
hunting of the governor or surging of load while observations arc being made, although 
a slight periodic speed variation, not in excess of i per cent in the case of steam prime 
movers and i per cent in the case of hydraulic turbines, is not regarded as 
objectionable.^ 

The speed variation between the tested loads may be determined directly from 
these data. The results of the foregoing tests are to be plotted with load as the 
abscissas and speed as the ordinates. The curve will show the amount the governor 
system deviates from the straight-line characteristic. Speed regulation is generally 
expressed in terms of a ratio and with reference to two extremes of load. Thus the 
speed regulation between two loads is defined as the ratio of the difference between the 
extreme speeds and the arithmetical mean of the extreme speeds. Thus if iVi = 

^ Regulation of hydraulic turbines is more difficult than that of steam prime 
movers because water is nearly incompressible, and the action of the governor is 
affected by eddies, whirls, etc. 
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revolutions per minute for load A (the higher speed) q,nd N 2 ^ revolutions per minute 
for load B (the lower speed), then 

Speed regulation between loads A and B *= ~ 

2 


where N is the arithmetical mean (page 492) of the two extreme speeds. It is usual to 
express this ratio as a percentage. 

It is seldom, particularly in the case of large electric generating units, that a unit 
may be operated alone with means for varying the load. Governor tests must there¬ 
fore be carried out frequently with the prime mover operating in parallel with other 
units on commercial loads. The speed-regulation test can, however, be carried out if 
the system on which the prime mover is operating may have its speed or frequency 
varied by the amount of the probable governor variation. If such a variation cannot 
be permitted, then all thought of speed-regulation tests must be abandoned. The 
test may be carried out as follows: 

1. Connect the unit whose performance is to be observed to the power system. 

2. By means of the governor controls of the various units operating, bring the 
frequency of the system sufficiently above normal so that the total variation from nor¬ 
mal frequency during the conduct of the test shall be a minimum. This can be 
accornplish(‘d by setting the frequency above normal by one-half the amount by 
which the frequency of the unit under test may be expected to vary between the two 
extremes of load under consideraion. 

3. While the frequency of the system is being adjusted in this way, set the governor 
control of the unit under t(ist so that it carries friction load only. 

4. Wlien these preparations have been completed, load is slowly shifted in the 
desired increments to the unit under test by means of the governor controls of the other 
units which are operating. After the application of each increment of load, the load 
carried by the unit under test and the corresponding speed should be determined and 
recorded. 

This test sliould then be conducted in the reverse direction, unloading by the 
desired decrcunents. Obviously, the governor adjustment of the unit under test 
should not be altered in any way during the test. 

Regulation with Constant Load.—An approximate determination of the degree of 
departure from constant speed of the prime mover with constant load and operating 
conditions may be made by noting the extremes of speed variation on a sensitive 
tachometer connected to the prime mover. More accurate determinations may be 
made with a recording tachometer. For rapid variations, this test had best be made 
using an electric tachometer generator and oscillograph (see page 583).^ The generator 
should be rigidly connected to the prime mover so that there can be an angular varia¬ 
tion between it and the prime mover. Speed variations of low period under constant 
load and operating conditions arc generally due to defects in the governing mechanism. 
In the case of hydraulic turbines, small variations of speed of low period frequently 
occur due to disturbed conditions of flow in the turbine draft tube, particularly at the 
lighter loads. Variations of higher frequency also occur in reciprocating engines 
during a single revolution, caused by uneven turning moments. 

The test record shall state: (a) regulation from . . . kilowatt to . . . kilo¬ 
watt . . . , in per cent; (6) maximum speed varying with constant operating con¬ 
dition and constant load of . . . kilowatt . . . per cent, which 


* 100 X 


N ma« _ H min 

^ max d" ^ min 


2 


1 The handling of the oscillograph during these test should be done by one skilled 
in its USA. 



578 


POWER PLANT TESTING 


Some indication concerning the regulation of a governing mechanism at constant 
load, also concerning the stability of the apparatus, may be secured by disturbing 
the governor when the prime mover is carrying certain loads by forcibly pulling the 
levers up or down and then immediately releasing them and recording the amount of 
movement of the valve (or gate) produced by this disturbance, and also recording 
the time required thereafter for the mechanism to return to a condition of 
stability. 

The test record shall state: The prime mover carrying . . . kilowatts, and the 
regulating mechanism being disturbed by moving the levers up or down . . . inches, 
the movement of the control valve (or gate) amounted to . . . per cent of the total 
movement of the control valve (or gate), and the regulating mechanism returned to a 
condition of stability in . . . seconds. 

Test for Sensitiveness.—This test is to be made by bringing about a slow change 
of load and observing the change in speed necessary to cause change of position of the 
complete regulating mechanism. This test shall be carried out by graphically record¬ 
ing the change of speed and valve position and by observing the operating conditions, 
which latter, except the change in load and speed, must be constant. The test is 
difficult to carry out with sufficient accuracy to show discrepancies with apparatus 
that operates 'well. It serves, however, to show mechanical defects in poor apparatus. 
A measure of sensitiveness may be made during the speed-regulation tests by noting 
the difference in speeds between ascending and descending loads. If any observations 
of sensitiveness are made in this manner, care must be taken that there be no reversal 
of progress of increasing or decreasing load; that is, in ascending loads the load must 
not be first raised and then lowered before readings are taken, and vice verm. The 
test record shall state: Change in speed necessary to cause change of position of the 
complete regulating mechanism . . . per cent. 

Tests for Rapidity.—For this purpose a recording tachometer or oscillograph (see 
page 583) must be employed. The motion of the chart should be approximately from 
I to 1 inch per second. This test will determine the instantaneous variation and the 
final variation for a given change of load, and the time consumed between the load 
being cdianged and the prime mover settling dovrn to constant spet'd. Prime-mover 
specifications sometimes state that with certain prescribed instantaneous changes of 
load the maximum change of speed shall not exceed a specified amount, and that the 
prime mover will settle down to constant speed within a prescribed time limit. This 
test gives these data. Sample diagrams illustrating the governor action in the case 
of steam prime movers are shown in Fig. 333. Figure 334 shows the action in the 
case of hydraulic turbimjs. 

One test may be made by means of a multiple-tilernent oscillograph, which can be 
made to exhibit the time lag of all the involved functions, the respective oscillograph 
elements being arranged to portray the action of such of the following functions as 
desired, of which (a), (5) and (c) are imperative: (a) time of load change on prime 
mover; (b) speeds of prime mover; (c) time of movement of control valve or gate; (d) 
movement of speed-responsive device; (c) fluid pressures operating the relay mechan¬ 
ism; (/) movement of deflecting or by-passing mechanism (in hydraulic installations); 
(g) pressure changes in prime-mover supply in the case of hydraulic installations. The 
observations of (a), (6), and (c) are within the scope of this code. The remainder 
partake of the nature of governor analysis for the purpose of discovering detail defects 
in the mechanism. The oscillograph element indicating load may be standardized to 
read actual loads. This is not, however, necessary, as the principal function of the 
oscillograph is to record accurately the time of change. 

The report of the test, besides the inclusion of one or the other of the foregoing dia¬ 
grams in Figs. 333 and 334 will be a statement that with an instantaneous change 
of load from ... to ... , the maximum speed variation was . . . per cent of the 
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original, and that in . . , seconds the prime mover had settled down to a constant 
speed of . . . per cent of the original. 

An approximate determination of the speed at which the relay mechanism is 
capable of operating the control valves may be made with the prime mover at rest 
and with the relay disconnected from the speed-responsive device by throwing the 
relay from one extreme of its position to the other and measuring with a stop watch or 
other timing means the time taken for the mechanism to have completed its travel. 

In many cases governors are provided with means by which the speed of the prime 
mover may be varied some amount above and below normal, which is usually expressed 
as a percentage. The test may be made by merely observing the extremes of speed 
which may be attained with the means pro¬ 
vided, maintaining the prime mover under 
the control of the governor. The governor 
tests should include statements of the 
following: (a) maximum speed at full load 
for which governor may be adjusted, , . . 




Flo. 333.—Oscillograph diagrams of gov- Fig. 334.—Oscillograph diagrams of gov¬ 
ernor on steam turbine. ernor on hydraulic turbine. 


adjusted, . . . per cent above normal; (c) minimum speed at full load for which gover¬ 
nor may be adjusted, . . . per cent below normal; (d) minimum speed at no load for 
which governor may be adjusted, . . . per cent below normal. 

Tests of Governing Force—Governor Strength for 1 Per Cent Change in Speed.— 
This should be determined for the inner and the outer jxisitions of the weights of the 
speed-responsive device, as in some designs the strength of the governor varies greatly 
between both of these positions. The governor strength for 1 per cent change of 
.speed may be determined by actual test by operating the prime mover at no load and 
normal speed and adjusting the linkage between governor and valve gear so that the 
governor will be close to its high-speed position and the governor control adjusted so 
that the prime mover operates at 99} per cent of standard speed. Then apply a 
force to the governor sleeve and determine the additional force required to bring the 
speed of the prime mover to 100} per cent of standard, or 1 per cent higher speed. 
This can be readily accomplished by measuring the increase of force exerted by the 
adjustable governor control, as, for example, the auxiliary governor spring. This 
will be the governor force for 1 per cent change of speed in the high-speed position. 
This observation shall be followed by determining the position of the sleeve and then 
changing the adjustments of linkage between the governor and the valve gear until 
the speed of the prime mover is lowered to 99} per cent of standard speed. The 
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position of the governor sleeve is again recorded and the difference between the two 
positions corresponds to the governor travel for 1 per cent change in speed in the 
high-speed position. 

The linkage between governor and valve gear should next be adjusted so that 
the governor will be close to low-speed position and the governor control adjusted so 
that the prime mover operates at lOOJ per cent of the standard speed. Then, as 
before, determine the force on the sleeve (now in the opposite direction) to bring the 
speed of the prime mover to 99J per cent of the standard value. This, as before, may 
be conveniently accomplished by measuring the reduction of tension in the control 
spring. This amount will be the governor force for 1 per cent change of speed in the 
inner position. With the prime mover operating as above and at 99 J per cent speed, 
measure the position of the sleeve and change the adjustments of the linkage between 
the governor and the valve gear to bring the speed of the prime mover back to 100J 
per cent of the standard value, and again measure the position of the sleeve. The 
difference between the two governor positions corresponds to the governor travel for 
1 per cent change in speed in the inner position. During these observations, care 
must be taken that the governor parts at no time come in contact with the governor 
stops. 

In carrying out the foregoing test it may be found that for a 1 per cent change of 
speed the sleeve travel will be small and accuracy of measurement uncertain. If 
desired, the speed may be varied in the foregoing manner a greater percentage, and the 
result divided by that percentage to reduce it to a standard of a governor strength for 
1 per cent change. 

Work Capacity for 1 Per Cent Change in Speed.—This is the product of the arith¬ 
metical mean of the two governor forces for 1 per cent change of speed, and the arith¬ 
metical mean of the two sleeve travels for 1 per cent change of speed. The test 
record shall contain the statement: (a) governor force for 1 per cent change in speed in 
the inner position ... lb.; (6) governor force for 1 per cent change in specnl in the 
outer position . . . pounds; (/) mean work capacity of governor for 1 per cent change 
in speed . . . inch-pounds. The governor strength and work capacity may, if more 
convenient, be calculated by dividing the weights, supporting arms, and revolving 
masses into a series of weights and calculating the centrifugal moments of these on 
the sleeve, for both inner and outer positions. 

The integration of the rotating masses as above described is unnecessary in gov¬ 
ernors where the center of gravity of the weights and arm is approximately in the 
center of the governor weight. The moment on the governor sleeve should be calcu¬ 
lated for 99J and lOOi per cent speed, the governor force being the difference between 
the two. The centrifugal force referred to the sleeve may, with advantage, be cal¬ 
culated for a number of positions of the governor travel and plotted on squared 
paper against the travel of the sleeve, when characteristics of the governor may 
be portrayed. 

Strength of Relay Apparatus.—Where relay apparatus is interposed between the 
governor and control valves or gates, the force that it is capable of giving should be 
determined by trial. The test should first be by means of a steam-engine indicator, 
determining the average pressure on both sides of the operating piston, while the 
latter is being caused to travel at maximum speed for the full travel. For this test, 
with the prime mover at rest, the relay should be disconnected from the governor and 
the relay plungers quickly thrown from one position to the other. This gives a 
measure of the force available for motion at maximum speed, this force being the 
product of the average pressure difference and the area of the piston. The locked 
force of the relay, that is, the maximum power available for moving the valve gear or 
gates should they stick, is the difference between the ffuid-actuating pressures on 
either side of the operating piston multiplied by the piston area. 
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The test record shall contain the statement: (o) force of relay when locked . . . 
pounds; (6) force of relay available for maximum speed of operation . . . pounds. 

Work capacity of relay would be the foregoing forces multiplied by the travel of the 
piston. The test record shall contain the statement: (o) work capacity of the relay 
for slow motion . . . inch-pounds; (6) work capacity of the relay for maximum speed 
of operation . . . inch-pounds. 


Table XLIX.— Test of Speed-responsive Governor 


General Information 


(1) Date of test; (2) location; (3) owner; (4) builder; (5) test conducted by; (6) 
object of test; (7) kind and size of prime mover; (8) type of governor (centrifugal, 
spring or weight, relay, gear or belt driven, etc.). 


Speed 

Beginning of 

No load 

Partial 

Maximum | 

Extreme 

regulation 

valve opening 

loads, kw. 

load, kw. j 

valve opening 


9. Load.kw. 

10. Load—^per cent of normal.per cent 

11. Time.min. 

12. Atmospheric pressure.lb. per sq. in. abs. 

13. Pressure at inlet (at throttle).lb. per sq. in. abs. 

14. Pressure at various stages.lb. per sq. in. abs. 

15. Temperature at inlet (at throttle).®F. 

16. Temperature at various stages.°F. 

17. Pressure at discharge (exhaust pressure).lb. per sq. in. abs. 

18. Effective head (hydraulic turbine).ft. 

19. Inlet valve or gate opening.per cent 

20. R.p.m. increasing load —Ni .r.p.ni. 

21. R.p.m. decreasing load —Nd .r.p.m. 

22. Mean of Items 20 and 21 = =: AT.r.p.m. 


23. Difference Ni — Nd . 

24. Speed regulation 100~—(p- 577) from. . . .kw. to ... kw 

I -r ly 2 

' 2 


. .r.p.m. 
per cent 


25. Sensitiveness: change of speed necessary to cause change of position of 

complete regulator mechanism (. . . kw. load).per cent 


Stability 

26. Maximum speed variation with constant operating conditions and load 

= 100 X with load of . . kw. (p. 577).per cent 

N max "1“ N min 
2 

27-30. Time, in seconds . . for mechanism to settle to a condition of stability 

following a manual disturbance of.in., up or down (measured at 

sleeve), producing.per cent movement of the control valve or gate 

(p. 578), the prime mover carrying.kw. 

Rapidity 

31. (.from.kw. 

Load released < 


82 . 


to 


kw. 
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33. 

34. 
36. 

36. 

37. 

38. 


39. 


40. 

41. 

42. 

43. 

44. 

46. 

46. 


Speed before load is released.r.p.m. 

Momentary maximum speed.r.p.m. 

Speed after fluctuations have ceased.r.p.m. 

Ti/r • • j Item 37 — Item 36 

Maximum increase m speed, 100 X -ri-..per cent 

Item 36 ^ 

Time of movement of control valve or gate.sec. 

Time between release of load and prime mover settled down to constant 

speed (p. 678).sec. 

(.from.kw. 

Load imposed-} 


(.to.kw. 

Speed before load is imposed.r.p.m. 

Momentary minimum speed.r.p.m. 

Speed after fluctuations have ceased.r.p.m. 

Maximum decrease in speed, 100 X — — .pt'r cent 

Item 44 ^ 

Time of movement of control valve or gate.sec. 

Time between imposition of load and prime mover settled down to constant 
speed (p. 678).sec. 


Range of Speed Adjustment 

47. Total stroke of governor sleeve.in. 

48. Stroke of sleeve employed in regulating between no load and maximum load. .in. 

49. Maximum speed at full load for which governor may be 

adjusted while operating (p. 678).pirr cent above normal 

60. Maximum speed at no load for which governor may be 

adjusted while operating.^.per cent above normal 

61. Minimum speed at full load for which governor may be 

adjusted while operating.per cent below normal 

62. Minimum speed at no load for which governor may be 

adjusted while operating.per cent below normal 


Governor Force and Work Capacity 

63. Governor force on sleeve for 1 per cent change in speed in inner or maximum 


load position.lb. 

64. Governor force on sleeve for 1 per cent change in speed in outer or no-load 

position.lb. 

66. Mean work capacity of governor for 1 per cent change in specnl 

(p. 680—State whether determined by test or by calculation).in.-lb. 


Governor with Relay 


66. Relay fluid pressure.lb. per sq. in. 

67. Relay piston area.sq. in. 

68. Force of relay when locked.lb. 

69. Mean effective fluid pressure on relay during full stroke at maximum- 

speed motion.lb. per sq. in. 

60. Mean force of relay available for maximum speed motion.lb. 

61. Travel (employed) of relay piston.in. 

62. Travel of regulating valve stem or gate.in. 

63. Time of maximum speed motion.sec. 

64. Work capacity of relay for slow motion (p. 681).in.-lb. 

66. Work capacity of relay for maximum speed motion.in.-lb. 
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The oscillograph is an instrument for observing (and photographing 
usually) alternating-current waves. The one shown in Fig. 335 is easily 
portable and is very well suited for use by schools for undergraduate 
work; by power companies for wave-form analysis and substation use; 
by electric railways for recording instantaneous values of current in 
subway trains, elevated lines, etc.; by small electrical-accessories manu¬ 
facturers for studying ignition, starting-motor characteristics, etc. 

The instrument includes an especially sensitive galvanometer of very 
small dimensions, a 4-volt incandescent lamp with straight-line filament. 



Fi(i. 335.—Oscillograph (Wcstinghouse). 


optical system, vibrator resistances, and mechanism for throwing the 
one vibrator into six different circuits, inserting proper resistance, and 
shifting a cross-hair to mark each wave. 

The “heart’' of the instrument is the permanent-magnet galvanom¬ 
eter. The moving coil consists of two parallel conductors in a strong 
magnetic field, with the current to be measured passing in opposite direc¬ 
tions in these conductors. As the magnetic field is at right angles to the 
conductors, one bends one way and the other the other way. A tiny 
mirror is cemented across the two conductors in the center of the air gap 
of the permanent magnet so that its angular twist is exactly proportional 
to the instantaneous value of current in these conductors. Actually, the 
two parallel conductors are two halves of a single metallic ribbon, the ends 
being soldered to terminals and the center looped over a tiny ivory pulley. 
This pulley is attached to a spring which keeps the ribbons very tight so 
as to respond to as high a frequency of current as possible. Accurately 
machined ivory bridges space the ribbon properly in the 0.032-inch air 
gap. The galvanometer is of great sensitivity, being able to follow as 
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high frequencies as most of the more expensive oscillographs, has a very 
light permanent magnet giving a greater field strength than cumbersome 
electromagnets, and is so small that two such units, complete, may be 
held in the palm of a man’s hand. 

The magnet and the vibrator are placed in a cavity in a block of mica 
with the intervening space filled with a transparent oil which acts as a 
damping fluid to prevent the vibrator from moving after the current 
ceases. Thus the vibrator follows rapid changes in electric currents so 
as to give good results with frequencies as high as 5,000 cycles per second. 
This cavity is sealed tightly, thus greatly increasing the portability of 
the outfit. 

The light from the straight-line filament of the 2-watt lamp enters 
the lens window (Fig. 335), strikes the vibrator mirror, is reflected back 
so as to pass through the lens window again, and is focused on the cylindri¬ 
cal condensing lens a short distance from the photographic film or ground 
glass, as shown. A reflecting prism between the galvanometer and the 
cylindrical lens adds to the compactness of the instrument without 
reducing the length of the optical image. The cylindrical lens condenses a 
fraction of the length of the straight-line image to a point on the focal 
plane, thus giving a brilliant spot of light on the ground glass or photo¬ 
graphic film. The zero position of this spot of light on the film may be 
shifted by shifting the lamp slightly in the opposite direction. 

The optical system is so eflflcient that a few watts applied to the lamp 
gives as intense a wave, for photographing or viewing, as is obtained in 
arc-lamp oscillographs requiring more than a hundred times that energy 
from a direct-current circuit. The wave lines are very fine on the film 
and are individually marked by a cross-hair mechanism, to show which is 
from circuit 1, which from circuit 2, etc. 

The oscillograph has been used to show very minute vibratory 
movements in stationary and in rotating apparatus. Longitudinal move¬ 
ments, of a shaft, of ten-millionths of an inch, at frequencies as high as 
2,000 cycles per second, have been recorded on oscillograms. Also 
records of torsional vibrations of considerably less than 0.01 degree 
have been clearly shown without being affected by the high-speed rota¬ 
tion of the same shaft. 
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OUTLINES OF SUGGESTED TESTS 

1. Calibration and Adjustment of Pressure Gage. —Reference, pages 14 to 27. 

Apparatus. —Dead-weight gage tester, standard weights, and gage to be tested. 

Method. —Take readings at intervals of 5 pounds per square inch, up and down. 

Spin platform and weights to eliminate friction. Remove the indicating needle with 
special jack and take off dial. Sketch parts in interior of gage. Reset needle to read 
correctly in part of scale most used.^ Attach needle firmly. Repeat readings up and 
down for new calibration. 

Report. —Explain methods of adjustment. Tabulate as on page 26. 

Curves.^ —See page 26. Draw curves only for final condition of gage. 

2. Calibration and Adjustment of Vacuum Gage. —Reference, pages 27 to 28 and 
266. 

Apparatus. —Mercury U-tube, aspirator (ejector) or air pump, and gage to be 
tested. 

Method. —Take readings at intervals of 2-inch vacuum, up and down. If there is 
water or other impurity on mercury column, correction must be made. (Reset 
needle if so instructed.) 

Report. —Explain details of method used. Tabulate as on page 26, omitting 
second column and writing ^^inches vacuum” for ^^pressurc, pounds per square inch.” 

Curves. —Similar to instructions for test 1. 

3. Thermometer Calibration for Range above 212°F.—Reference, pages 49 to 59. 

Apparatus. —Steam gage used in test 1, thermometers (a standard high-reading 

thermometer is sometimes used to check the results), barometer, and steam tables 
(Appendix). 

Method. —Read thermometer being tested (and “standard” if one is used) at 
intervals of approximately 5 pounds per square inch on the gage calibrated in test 1. 
Be sure the steam is not superheated and allow at least 5 minutes after final adjust¬ 
ments of valves before readings are taken. 

Report. —Sketch with a simple line drawing the interior of apparatus used with 
necessary piping connections. Tabulate as on page 59. Calculate “stem” correc¬ 
tions when necessary. 

Curves. —(See page 58.) “True” temperatures are from steam tables. 

4. Use and Calibration of a Planimeter. —Reference, pages 99 to 112, 152. 

Apparatus. —Polar planimeter, large compass, scale, and micrometer. 

Method. —1. Measure length of tracing arm from pivot to tracing point and 
diameter of rolling or graduated wheel to check accuracy for reading areas in square 
inches. 

2. Calculate length of tracing arm so that one revolution of graduated wheel will 
indicate 8 square inches. 

1 If other instructions are not given assume two-thirds maximum graduation of 
dial. 

* Arrangement of coordinates for curves is throughout to make them most appli¬ 
cable for use; that is, in the use of a curve the given quantity should be read on the 
scale of abscissas and the value to be found will then be obtained from the scale of 
ordinates. 
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3. Find area of zero circle by at least two methods (see pages 102, 104). 

4. Determine average error in percentage of instrument by first measuring and 
then calculating the area of circles of 1-, 2-, and 3-inch diameter (see page 111, footnote). 
Measure each area three times and take average. Mark percentage error 4- if instru¬ 
ment reads too small and — if too large. 

5. Determine indicated horsepower for an indicator card. Scale of indicator 
spring = 40 pounds per square inch (that is, No. 40 spring); area of piston = 66 
square inches; length of stroke = 1 foot; and r.p.m. = 200. 

Report —Record data, method of measurements, and calculations. Tabulate 
results. 

5. Calibration of Indicator Springs in Compression. —Reference, pages 116 to 123, 
129 to 134, 135, and 146. Read Precautions for Care of Indicator (pp. 123 to 125). 

Apparatus. —Indicator, set of springs, and indicator spring tester. 

Method. —1. Test perpendicularity of motion of pencil point of indicator to atmo¬ 
spheric line. 

2. Obtain at least two good calibration cards for each spring similar to Fig. 112, for 
increasing and decreasing pressures. Obviously, unless the cards obtained for a spring 
are alike, the work is not successful. Take increments of 5 pounds per square inch 
for all springs up to and including the “40-pound^* spring. For springs of higher 
scale take increments of 10 pounds per square inch. Lines of maximum pressure on 
calibration card should be about 1| imjhes above the atmospheric line. 

When a plunger type of tester is used, that is, similar in principle to Fig. 109, the 
diameter of the plunger must be measured with a micrometer and the relation accu¬ 
rately calculated between the weight and the unit pressure applied to the indicator in 
pounds per square inch. 

Examine at least two types of indicators. Insert the spring and study the adjust¬ 
ment of the height of the pencil. 

When work with an indicator is finished, always remove the “piston” spring and 
thoroughly clean all parts, inside and outside. 

Report. —Tabulate and draw curves as directed on page 135. Calculate the true 
scale of spring from the average of four eejuidistant points on this curve. Explain 
calculations. Discuss any discrepancies in data. 

If a “40-pound” spring has been calibrated, assume this was used in obtaining the 
indicator card used in test 4, and calculate the corrected indicated horsepower. 

5a. Calibration of Indicator Springs in Tension (for Use with Vacuum). —Reh^r- 
ence, pages 134 to 135. 

Apparatus. —Indicator, springs, and special tester. 

Method and Report. —Same as for test 5. 

6. Study of Reducing Motions. —Reference, pages 136 to 146. 

Apparatus. —Steel scale and drawing instruments. 

Method and Report. —Examine reducing motions in laboratory. Design an accu¬ 
rate device for an engine as designated by instructor. 

7. Steam Calorimeter Tests, Use and Comparison. —Reference, pages 75 to 79. 

Apparatus. —Separating calorimeter, glass beaker (or graduate), pail with cover 

having a hole for insertion of hose for condensing steam, platform scales, watch, throt¬ 
tling calorimeter, thermometers, steam pressure gage, barometer, and monkey wrench. 

Method. —Calibrate steam gage. Connect the separating and throttling calorime¬ 
ters by means of standard sampling nozzles (see page 77) to the same vertical steam 
pipe where they will both take steam of the same quality. Allow steam to blow 
through both calorimeters until the temperatures in the throttling type! have reached 
a maximum value and the other has become thoroughly heated, and enough water has 
collected to bring the level in the water-gage glass up to, or a little above, the zero on 
the scale. Make the condensing pail about two-thirds full of water. Obtain this 
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weight of water by weighings. When all conditions are satisfactory, put the hose 
through which steam has been discharging from the separating calorimeter into the 
hole in the cover of the pail, and at the same time observe reading of scale of water 
gage. Read temperatures and pressures every 3 minutes. Run the test until an 
appreciable volume of steam discharges from the hole in the cover of the pail. Then 
throw steam tube out of pail and read the level in the water gage. Again weigh pail 
and contents. Calibrate the scale of the water gage by removing and weighing water 
from the separating calorimeter between any two levels within the limits of the scale. 

Make one test at each of four steam pressures above 60 pounds per square inch 
gage as designated by instructor. 

Calculate the quality of steam roughly by the charts on page 81 or 83 during the 
progress of the tests and immediately check with data from separating calorimeter. 

Report. —Ta])ulate all observed and calculated data. Sketch and describe fully the 
calorimeters used. State in detail all operations in performing test. Discuss relative 
accuracy of results. 

8. Test of Platform Scales. —Reference, pages 180 and 181. 

Apparatus. —Platform scales to be tested, 12-inch steel scale, graduated to jla 
inch and standard 50- or 100-poiind weight. 

Method. —Platform scales are probably used more in engineering work about a 
power plant than any other measuring device, and usually young engineers do not 
very well understand their operation. They consist essentially of a device by which a 
load is applied to a system of levers, of long and short arms, arranged so that a load on 
the platform can be balanced by weights applied at the end of a final lever called the 
beam, or by shifting a poise along the length of this latter lever. Essentially, it is 
like the weighing devices shown in Fig. 183. This weighing beam is usually placed 
on an upright post at one end of the platform. 

1. Take off the platform and measure the length of all the lever arms between 
knife edges to the nearest inch. Draw simple line sketch showing all arms and 
lengths. 

2. Observe the means provided to adjust the beam, to read zero. 

3. Observe the sensitiveness of the scales by finding the range through which 
the poise can be shifted without appreciably disturbing the balance. 

4. Calibrate the scales after assembling by placing standard weights on the plat¬ 
form and observing the reading on the beam when balanced. After calibration shift 
scales around roughly and observe result by a recalibration. T(»st also by placing 
loads in middle of platform as a scales should be used, and then at any of the sides. 

Report. —1. Plot results of the calibration wdth observed weights as abscissas and 
standard weights as ordinates. 

2. Discuss effect of rough handling on the calibration, and whether an accurate 
calibration of a scales made Ixdore shipping can be considered absolutely reliable later. 
Explain effect of noncentral loading on the platform. 

3. From the measured lever arms calculate the weight of poise for two different 
positions on the beam. 

4. Calculate the weight of a poise for an additional beam which would indicate 
readings to one-t(inth the smallest division on the beam of this scales. (Note that the 
additional weight of the extra beam would be balanced by a larger adjusting 
counterweight.) 

9. Oil Tests: Viscosity, Flash and Burning Points, and Specific Gravity. —Refer¬ 
ence, pages 520 to 530, 539 to 543. 

Apparatus. —Viscosimeter, flash tester, hydrometer, two tlnirmometers, two glass 
graduates, Bunsen burner, matches, wax tapers, test tube, and watch. 

Method. —1. Determine flash and burning points of oil in flash tester, with top 
closed for flash point and open for burning point. To check, use at least two samples 
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of the same kind of oil. Never use a second time a sample that has been heated. 
Why? Determine the chill point of the oil if ice is available. 

2. With the orifice of viscosimeter and inner cup thoroughly cleaned determine the 
time required for 60 cubic centimeters of water at *^room temperature to flow through 
this orifice, starting from the level of the tip of the hook gage. Make three tests and 
take average. Determine similarly the time required for 60 cubic centimeters of the 
oil at temperatures of 80, 100, 130, and 160®F. to flow through the same orifice 
when starting at the same level. Make this test also at 210°F. if steam heating is 
available. 

3. Determine the specific gravity of the oil in both the Baum4 and the “specific- 
gravity'^ scales at about 80, 100, 120, and 140°F. also at 160 and 210 °F. for steam 
cylinder and gas engine oils. (Avoid pouring hot oils into cold glass vessels, as 
they are likely to be broken.) 

Report .—Tabulate results of the various tests. Plot (1) temperatures as abscissas 
and viscosities as ordinates, (2) temperatures as abscissas and specific gravities as ordi¬ 
nates, both curves having the same abscissas on the same sheet. 

Discuss suitableness or unsuitableness of this oil for various services. 

10. Oil Tests (Continued): Coefficient of Friction and Temperature Rise of Bear¬ 
ings.—Reference, pages 543 to 545. 

Apparatus .—Pendulum oil tester, thermometer, wooden strut with knife edge at 
end, sensitive platform scales, spirit level, and steel scale graduated to rJij inch. 

Method .—Support the pendulum in a horizontal position (as determined by a spirit 
level) on a strut, provided with a knife edge at the bottom where it rests on a platform 
scales. Determine the weight of the pendulum alone in this position. Measure also 
the effective length of the lever arm from the center of the journal to a vertical line 
through the knife edge. Repeat weighing and measurement of length of arm for 
several points along the pendulum. Rcmiove the pendulum and determine its weight 
accurately. Measure the length I and diameter d of the journal so as to calculate 

W'R 

the projected area 2ld of the bearing surface. Compute the constant- y and by 

r 

setting the pendulum at various angles determine whether the scale is correctly gradu¬ 
ated. In order to get satisfactory results the bearing and shaft must be perfectly 
clean and smooth. Calibrate spring in pendulum. 

Operate the machine at constant speed with pressures of 50, 100, 150, and 200 
pounds per square inch on the bearing. Record the arc of deflection, temperatures of 
bearing and of room, speed, and rate of oil feed (usually three drops per minute). 

Report .—Plot curves of bearing pressure (pounds per square inch) as abscissas and 
coefficients of friction and temperatures as ordinates. 

Calculate velocity of rubbing faces in feet per minute. In machines arranged like 
ordinary shop bearings where all the load is on the bottom half of the bearing this 
velocity is calculated on the basis of only half the circumference. 

Discuss possible errors in the data as shown by the curves. 

11. Proximate Analysis of Coal.—Reference, pages 253 to 257, 258 to 265. 

Apparatus. —Crucibles, Bunsen burners, matches, coal crusher, mortar and pestle, 

20-mesh sieve, two airtight bottles, drying oven, air-blast lamp (or an equivalent), 
rubber tubing, watch, desiccator, and “chemical" balance sensitive to 1 part in 1,000 
of amount weighed. 

Method .—That of American Chemical Society (pages 254 to 256) or of A.S.M.E. 
(pages 256 and 258) as directed by instructor. Inquire about location of mine from 
which coal was taken. Make duplicate determinations to check values of moisture 
and volatile matter. 

Report .—Record all data. Determine percentages of moisture, volatile matter, 
fixed carbon and ash in coal “as received." Also percentages of volatile matter, fixed 
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carbon^ and ash in dry coal. Discuss results by coni^paring with analyses of coals 
from same district as given in mechanical engineers’ handbooks, etc. 

12. Calorific Value of Coal. —Reference, pages 222 to 239. 

A. Apparatus. —Bomb calorimeter with platinum crucible, mortar and pestle, 100- 
mesh sieve, oxygen tank with pipe connections to fit threads on bomb, accurate 
calorimeter, thermometer, pail, ^ scales for weighing water, fine iron wire for ignition, 

chemical” balance sensitive to gram, briquetting machine,^ monkey wrench, 

and calorimeter spanner. 

B. Apparatus. —Same as A except Parr calorimeter is used instead of bomb type, 
and absolutely pure sodium peroxide is used instead of oxygen gas. 

Method. —See pages 222 to 232 for A and pages 232 to 239 for B. Make at least 
two determinations. 

Report for A or B. —Describe apparatus used and procedure in detail. Calculate 
heating value of coal tested in B.t.u. per pound '^as received,” also heating value per 
pound dry coal and per pound combustible in same units. Record all data. Discuss 
results by comparing with heating value of coals from same district as given in mechan¬ 
ical engineers’ handbooks, etc. 

13. Calorific Value of Gas.—Reference, pages 239 to 249. 

Apparatus. —Junkers calorimeter (with gas burner), two calorimeter thermometers, 
two ordinary thermometers, two glass graduates, large pail, platform scales, ‘^wet” gas 
meter, gas regulator, glass U-tube for gas pressure, barometer, and rubber tubing. 

Method. —Sec pages 239 to 249. Read thermometcirs every 2 minutes. 

Make at least two determinations, which should check within 1 per cent. 

Report. —Tabulate all observations. Explain calculations. 

Determine “higher” and “lower” heating values of the gas per cubic foot (1) 
at conditions of test and (2) at standard conditions (see page 241). 

Sketch apparatus used. Discuss possible errors in method. 

14. Calorific Value of Oil.—Reference, pages 250 to 251. 

Apparatus. —Junkers calorimeter (with oil lamp and chemical balance for its 
attachment) and hydrometer. Otherwise same as for test 13. 

Method. —See pages 239 to 251. Collect water from calorimeter during time 
required for burning exactly 50 grams of oil. Determine specific gravity of oil used. 
Make at least two determinations. 

Report. —Tabulate all observations. Calculate “higher” and “lower” heating 
values per pound of oil. Discuss result by comparing with data given in books on 
gas and oil engines or in mechanical engineers’ handbooks. 

15. Analysis of Flue Gas.—Reference, pages 266 to 275, 279 to 283, 330 to 331. 

Apparatus for sampling and chemical absorption of gases as directed by instructor. 

Method. —(See pages 268 to 276). Make at least two analyses from the same sam¬ 
ple of gas which should check throughout within ^ per cent. 

Report. —Tabulate data and results (calculated as percentages). 

From the average results of the analysis calculate number of pounds of air required 
to burn (1) a pound of carbon and (2) a pound of dry coal, assuming the dry coal con¬ 
tains 83 per cent carbon, 3 per cent hydrogen, 4 per cent oxygen, and 10 per cent 
earthy matter. 

16. Study of Brakes.—Reference, pages 158 to 164. 

Apparatus. —Steel scale, calipers, and drawing instruments. 

Method and Report. —Design Prony brake of type stated by instructor for absorbing 
brake horsepower at . . . revolutions per minute. Show calculations for diameter 

^ Instead of the pail and scales a large glass graduate is often used to measure the 
water in cubic centimeters. 

• Briquetting the coal is not required by A.S.M.E. recommendations. 
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at root of thread of tightening bolt, and for determining capacity of scales required 
to take the pressure of the brake. Calculate also weight of water required per hour for 
cooling the brake, assuming 10 per cent of heat dissipated by radiation. 

Answer the following questions: 

1. If water were shut off from the brake what damage would result? 

2. Why is it a very bad practice to stop the engine with the full load on the brake ? 

3. Why should a safety cord be attached to the arm of the brake? 

4. What is the effect of putting oil on the rim of the brake pulley? Of putting on 
water? 

If there is any doubt as to the proper answers, run an engine with a Prony brake 
attached to find out by experience. 

17. Calibration of a Transmission Dynamometer. —Reference, pages 172 to 176. 

Apparatus. —Dynamometer and its weights, steel scale, hand speed counter, and 
watch. 

Method. —Measure length of lever arm. Observe condition of dashpot as explained 
on page 175. Remove the brake from its pulley and make a series of runs; that is, 
without load at various speeds and observe the corresponding readings of instrument. 
Attach the brake to its pulley and make a series of tests at three different speeds with 
net loads on the brake for each speed of approximately (1) ... (2) ... (3) .. . 
and (4) . . . pounds. Determine “zero” load or tare of brake, pounds, and length 
of brake arm, feet. 

For each test record: (1) Gross brake load, in pounds, (2) net brake loads, in 
pounds, (3) reading of dynamometer (theoretically, in pounds), (4) revolutions per 
minute, and (5) names of observers. 

Report. —Examine construction of dynamometer and sketch arrangement of lever 
arms (and gears, if any). For each speed calculate foot-pounds per minute corre¬ 
sponding to readings of dynamometer and plot curve with these as abs(!issas and foot¬ 
pounds by brake as ordinates. Plot also curve for each speed of reading of 
dynamometer as abscissas and net brake load, in pounds, as ordinates. 

18. Belting Tests. —Reference, pages 617 to 518. 

Apparatus. —Belt tester, steel tape, two-hand speed counters, watch, calibrated 
scales for weighing, and 3-foot scale for lengths. 

Method. —(See pages 517 to 518.) Determine “zero” load or tare on each s(;ales. 
Adjust the distance between driving and driven pulleys when at rest so that there is 
initial tension in belt of 25 pounds per inch of width. Run tests at a given constant 
speed of the driver at varying loads until the belt begins to slip. Make about five 
runs for this value of initial belt tension. Each test should be of at least 5-minute 
duration during which time both speed counters should be read continuously. 
Observe for each test also average brake load, pounds, and tension reading, in pounds. 

Make similar sets of runs with initial belt tensions of 50 and 75 pounds per inch of 
width. 

Measure diameter of either driving or the driven pulleys, inch(^s, and also arc of 
contact of belt on this pulley, in inches. Calculate ratio of arc in inches to radius in 
inches. Measure length, width, and thickness of belt. 

Report. —Calculate slip of belt, coefficient of friction, brake horsepower, and 
efficiency of transmission. 

For each value of initial tension plot brake horsepower as abscissas and as ordi¬ 
nates: (1) slip, in per cent, and (2) coefficient of friction. Also initial tension of belt 
as abscissas and brake horsepower as ordinates. 

Discuss results in their application to shop practice. 

19. Test of Hoists. —Reference, pages 613 to 517. 

Apparatus. —Hoists to be tested, spring balance, scale with graduations marked 
very plainly. 
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Method. —Same pages as reference. , 

Report. —Sketch hoists used. On the same curve sheet plot for each hoist a curve 
of load lifted (pounds) as abscissas and efficiency as ordinates. 

20. Mechanical Efficiency Test of Steam Engine. Determinations of Indicated 
and Brake Horsepower. —Reference, pages 145 to 152, 158 to 164, 180, 332. 

Apparatus. —Steam-engine indicators, steam pressure gage, Prony or rope brake, 
hand speed counter, watch, scale about 3 feet long, platform scales and planimeter, 
cans of cylinder and engine oils. 

Method. —Put spring in indicator, oil its piston with cylinder oil and the joints of 
pencil motion with porpoise or similar light oil. Adjust indicator parts so that there is 
no lost motion in pencil mechanism. Attach firmly to engine cylinder. Adjust cord 
so that it will have normal tension when engine is turned over both dead centers. 
Fill engine cylinder lubricator with cylinder oil and all oil cups with engine oil. Adjust 
feed of all oiling devices. Measure effective brake arm and ‘^zero” load or tare of 
brake (see pages 159 to 164). 

Vary net load on brake by increments of 50 pounds up to maximum engine will 
carry without slowing down. Run each test for 12 minutes, taking all indicator cards 
and readings of revolutions per minute and gross brake reading, in pounds, every 3 
minutes. Measure as many indicator cards as possible while test is in progress and 
compare at least a few values of indicated with brake horsepower before tost is finished. 
This is done to check the accuracy of the work. Always clean the engine and shut off 
the lubricator and oil cups when finishing a test. 

Calculate engine and ])rake constants (see pages 152 and 158). 

Report. —Tabulate data and calculated results as on page 332. Examine and 
sketch the reducing motion. Explain whether or not it gives an accurate reduction. 

Plot with indicated horsepower as abscissas the following as ordinates: (1) brake 
horsepower, (2) mechanical efficiency, in per cent, (3) revolutions per minute, and (4) 
friction horsepower. If friction horsepower has not constant values, discuss reasons. 

21. Setting of Plain D -slide Valve on Steam Engine. Reference, pages 333 to 
340. 

Apparatus. —Steel scale, monkey wrench, trammels or machinist's large dividers, 
chalk, drawing hoard and instruments, and indicators. 

Method. —(See pages 333 to 338.) Remove steam-chest cover and valve from its 
stem. Measure face of valve and ports. Make dimensioned drawing like Fig. 257 
(page 333) and Zeuner valve diagram. Adjust laps and eccentric as explained in 
reference. Zeuner diagrams are most useful for valve setting and Bilgram diagrams 
are best for designing. 

Replace steam-chest cover. Attach indicators and take diagrams. Compare 
with ideal diagram obtained from the Zeuner drawing. 

If indicator diagrams are not satisfactory, make the adjustments needed. 

Report. —Explain in detail procedure. Discuss each step in making adjustments. 

22. Setting of Corliss Valve on Steam Engine. —Reference, pages 340 to 344. 

Apparatus. —Monkey wrenches, steel scale, plumb bob and line, and indicators. 

Method. —Adjust (1) wrist plate, (2) all reach rods for given laps, (3) rocker. Put 

engine on dead center and set eccentric for a given lead. Readjust reach rods. Take 
indicator cards and readjust valves. 

23. Volumetric Clearance of Engine. —Reference, pages 344 to 345. 

Apparatus. —Pails with cocks near the bottom, rubber tubing, funnels, small plat¬ 
form scales for weighing water in pails, trammels, chalk, monkey wrench, w^atch, 
wooden blocks to cover parts of engine, and rubber packing. 

Method. —Remove steam-chest cover and cover ports with blocks on top of rubber 
packing. Set engine on dead center (see page 344). Continue procedure as in refer¬ 
ence above. 
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24, Boiler Test. —Reference, pages 304 to 331. 

Apparatus ,—Steam gage, draft gage, barometer, watch, wrenches, steam calorim¬ 
eter (with manometer if needed), thermometers with maximum graduation below 
240®F. for (1) external air, (2) boiler room, (3) feed water entering boiler^ and (4) 
make-up water; above 240°F. for (.1) temperature of steam at steam nozzle (discharge 
from boiler) and (2) steam calorimeter, platform scales for (1) coal, (2) ashes, and (3) 
feed water, large tanks for feed water, standard weights, thermocouple for flue tem¬ 
perature, flue-gas apparatus for sampling and analyzing, jars or cans for samples of 
coal and ash, means for marking level of water in gage glass, large closed cans for 
accumulating samples of coal and ashes. 

Method ,—Sec reference. Calibrate gages and thermometers. Plot a graphical 
log as test proceeds (see page 293). Run boiler-leakage test for 3 hours at normal 
boiler pressure before regular boiler test begins. 

Report .—Tabulate all data. Use A.S.M.E. ‘^short or *‘long ” form as directed by 
instructor. 

25. For Economy Tests of Steam Engines, Steam Turbines, Complete Steam 
Power Plants, Gas Engines, Oil Engines, Gas Producers, as Well as Pump Tests, 
Injector Tests, Air-compressor Tests, Air-lift Tests, Ventilating-fan Test, Refrig¬ 
erating-plant Tests, Condenser Tests, Feed-water Heater Tests, and Water-cooling 
Equipment Tests. See detailed instructions and A.S.M.E. codes, pages 335-367, 
380-396, 402-405, 409-421, 421-436, 443-448, 448-460, 464-485, 486-501, 501-506, 
507-512, 548-567, 568-569, 572-574. 

^ For plants operating with an economizer a thermometer for higher temperatures 
would be required. 



APPENDIX 

The following tables (I, II, and III) of the properties of saturated and 
superheated steam are abstracted from “Steam Tables” by Prof. J. H. 
Keenan, 1930 ed., by permission of the publisher, The American Society 
of Mechanical Engineers. 
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Table I. — Saturated Steam : Pressure Table 




Spteific Volum* 

ToUl HMt 

Entropy 


Ab*. 

, Tamp. 

Sat. 


Sat. 

Sat. 


Sat. 

Sat. 


Sat. Aba. Praia* 

tb./8q. In 

.Oar.T. 

UquM 

Evap. 

Vapor 

Liquid 

Evap. 

Vapar 

Liquid 

Evap* 

Vapar Lb./Sq. In. 

P 

t 

Vi 

▼fg 

▼g 

bf 

hfg 

bg 

if 

•fg 

•g 

P 


58.83 

0.01603 1256.9 1256.9 

2638 

1058.8 

1085.7 

0.0533 

2.0422 

2.0955 

W'Mg 


70.44 

0.01605 

856.5 

856.5 

38.47 

1052.5 

1091.0 

0,0754 

1.9856 

2.0609 

^"Hg 

i»Hr 

79.06 

0.01607 

652.7 

652.7 

47.06 

1047.8 

1094.9 

0.0914 

1.9451 

2.0365 

rag 

IW'Hc 

91.75 

0.01610 

4453 

4453 

59.72 

1040.8 

1100.6 

0.1147 

1.8877 

2.0024 

IW'Hg 

a " H 5 

101.17 

•0.01613 

339.5 

339.5 

69.10 

1035.7 

1104.8 

0.1316 

1.8468 

1.9784 



108.73 

0.01616 

275.2 

275.2 

76.63 

1031.5 

1108.1 

0.1450 

1.8148 

1.9598 

2 W'Bg 

rag 

115.08 

0.01618 

231.8 

231.8 

82.96 

1027.9 

1110.8 

0.1561 

1.7885 

1.9446 

i"sg 

1.0 

101.76 

0.01614 

333.8 

333.9 

69.69 

1035.3 

1105.0 

0.1326 

1.8442 

1.9769 

1*0 

s.o 

126.10 

0.01623 

173.94 

173.96 

93.97 

1021.6 

1115.6 

0.1750 

1.7442 

1.9192 

2.0 

s.o 

141.49 

0.01630 

118.84 

118.86 

109.33 

1012.7 

1122.0 

0.2009 

1.6847 

1.8856 

8.0 

4.0 

152.99 

0.01636 

90.72 

90,74 

120.83 

1005.9 

1126.8 

03198 

1.6420 

1.8618 

4.0 

0.0 

162.25 

0.01641 

73.59 

73.61 

130.10 

1000.4 

1130.6 

0.2348 

1.6088 

1.8435 

6.0 

6.0 

170.07 

0.01645 

62.03 

62.05 

137.92 

995.8 

1133.7 

03473 

1.5814 

1.8287 

6.0 

7.0 

176.85 

0.01649 

53.68 

53.70 

144.71 

991.7 

1136.4 

0.2580 

1.5582 

1.8162 

7.0 

8.0 

182.87 

0.01652 

47.38 

4739 

150.75 

988.1 

1138.9 

0.2674 

1.5379 

1.8053 

8.0 

0.0 

188.28 

0.01*656 

42.42 

42.44 

156.19 

984.8 

1141.0 

0.2758 

1.5200 

1.7958 

9.0 

10.0 

193.21 

0.01658 

38.44 

3^.45 

161.13 

981.8 

1143.0 

.03834 

1.5040 

1.7874 

10.0 

li.o 

197.75 

0.01661 

35.15 

35.17 

165.68 

979.1 

1144.8 

0.2903 

1.4894 

1.7797 

11.0 

12.0 

201.96 

0.01664 

32.40 

^.42 

169.91 

976.5 

1146.4 

0.2968 

1.4760 

1.7727 

18.0 

18.0 

205.88 

0.01666 

30.06 

30.08 

173.85 

974.1 

1147.9 

0.3027 

1.4636 

1.7663 

18.0 

14.0 

209.56 

0.01669 

28.05 

28.06 

177.55 

971.8 

11493 

0.3082 

1.4521 

1.7604 

14.0 

14.606 

212.00 

0.01670 

26.80 

26.82 

180.00 

970.2 

11503 

03119 

1.4446 

1.7564 

14.696 

16 v 0 

216.32 

0.01673 

24.75 

24.76 

18435 

967.4 

1151.8 

03184 

1.4312 

1.7496 

16.0 

18.0 

222.40 

0.01678 

22.16 

22.18 

190.48 

963.5 

1154.0 

0.3274 

1.4127 

1.7402 

18.0 

80.0 

227.96 

0.01682 

20.078 

20.095 

196.09 

959.9 

1156.0 

'0.3356 

13960 

1.7317 

80.0 

28.0 

233.07 

0.01685 

18.363 

18.380 

201.25 

956.6 

1157.8 

0.3431 

13809 

1.7240 

22.0 

24.0 

237.82 

0.01689 

16.924 

16.941 

206.05 

953.4 

1159.5 

03500 

1.3670 

1.7170 

24.0 

26.0 

242.25 

0.01692 

15.701 

15,718 

210.54 

950.4 

1161.0 

03564 

1.3542 

1.7106 

26.0 

88.0 

246.41 

0.01695 

14.647 

14.664 

214.75 

947.7 

1162.4 

03624 

13422 

1.7046 

88.0 

80.0 

250,34 

0.01698 

13,728 

13,745 

218.73 

945.0 

1163.7 

0.3680 

13310 

1.6990 

80.0 

82.0 

254.05 

0.01701 

12.923 

12.940 

222.50 

942.5 

1165.0 

0.3732 

13206 

1.6938 

88.0 

84.0 

257.58 

0.01704 

12.209 

12.226 

226.09 

940.0 

1166.1 

0.3783 

13107 

1.6890 

84.0 

86.0 

260.94 

0.01707 

11.570 

11.587 

229.51 

937.7 

1167.2 

0.3830 

1.3014 

1.6844 

86.0 

88.0 

264.16 

0.01710 

10.998 

11.015 

232.79 

935.5 

1.1683 

0.3876 

1.2925 

1.6800 

88.0 

40.0 

267.24 

0.01712 

10.480 

10.497 

235.93 

933.3 

1169.2 

0.3919 

1.2840 

1.6759 

40.0 

48.0 

270.21 

0.01715 

10.010 

10.027 

238.95 

931.2 

11703 

03961 

1.2759 

1.6720 

42.0 

44.0 

273.06 

0.01717 

9.582 

9.599 

241.86 

929.2 

1171.1 

0.4000 

1.2682 

1.6683 

44.0 

46.0 

275.81 

0.01719 

9.189 

9.207 

244.67 

927.2 

1171.9 

0.4039 

1.2608 

1.6647 

46.0 

48.0 

278.45 

0.01722 

8.829 

8.846 

24737 

925.4 

1172.7 

0.4076 

1.2537 

1.6613 

48.0 

60.0 

281.01 

0.01724 

8.496 

8.514 

249.98 

923.5 

1173.5 

0.4111 

1.2469 

1.6580 

60.0 

62.0 

283.49 

0.01726 

8.189 

8.206 

252.52 

921.7 

1174.3 

0.4145 

1.2404 

1.6549 

68.0 

64.0 

285.90 

0.01728 

7.902 

7.919 

254.99 

920.0 

1175.0 

0.4178 

1.2340 

1.6518 

64.0 

66.0 

288.23 

0.01730 

7.636 

7.653 

25738 

918.3 

1175.7 

0.4210 

1.2279 

1.6489 

66.0 

68.0 

290.50 

0.01732 

7.388 

7.405 

259.71 

916.6 

1176.4 

0.4241 

1.2220 

1.6461 

68.0 

60.0 

292.71 

0.01735 

7.155 

7.172 

261.98 

915.0 

1177.0 

0.4271 

1.2162 

1.6434 

60.0 

68.0 

294.85 

0.01737 

6.937 

6.955 

264.18 

913.4 

1177.6 

0.4300 

1.2107 

1.6407 

62.0 

64.0 

296.94 

0.01739 

6.732 

6.749 

26633 

911.9 

11783 

0.4329 

1.2053 

1.6382 

64.0 

66.0 

298.98 

0.01741 

6.539 

6.556 

268.43 

910.4 

1178.8 

0.4356 

1.2001 

1.6357 

66.0 

68.0 

300.98 

0.01743 

6.357 

6.375 

270.49 

908.9 

1179.4 

0.4384 

1.1950 

1.6333 

68.0 

70.0 

302.92 

0.01744 

6.186 

6.203 

272.49 

907.4 

1179.9 

0.4410 

1.1900 

1.6310 

70.0 

78.0 

304.82 

0.01746 

6.024 

6.041 

274.45 

906.0 

1180.5 

0.4435 

1.1852 

1.6287 

78.0 

74.0 

306.68 

0.01748 

5.870 

5.887 

276.37 

904.6 

1181.0 

0.4460 

1.1805 

1.6265 

74.0 

76.0 

308.50 

0.01750 

5.723 

5.741 

278.25 

903.2 

1181.5 

0.4485 

1.1759 

1.6244 

76.0 

78.0 

310.28 

0.01752 

5.584 

5.602 

280.09 

901.9 

1182.0 

0.4509 

1.1714 

1.6223 

78.0 

80.0 

312.03 

0.01754 

5.452 

5.470 

281.90 

900.5 

1182.4 

0.4532 

1.1670 

1.6202 

80.0 

82.0 

313.74 

0.01756 

5325 

5.343 

283.67 

899.2 

1182.9 

0.4555 

1.1627 

1.6182 

82.0 

84.0 

315.42 

0.01757 

5.204 

5.222 

285.42 

897.9 

1183.4 

0.4578 

1.1586 

1.6163 

84.0 

86.0 

317.06 

0.01759 

5.089 

5.107 

287.13 

896.7 

1183.8 

0.4599 

1.1545 

1.6144 

86.0 

88.0 

318.68 

0.01761 

4.979 

4.997 

288.80 

895.4 

11843 

0.4621 

1.1505 

1.6126 

88.0 

80.0 

320.27 

0.01763 

4.874 

4.892 

290.45 

8943 

1184.6 

0.4642 

1.1465 

1.6107 

90.0 

92.0 

321.83 

0.01764 

4.773 

4.791 

292.07 

893.0 

1185.0 

0.4663 

1.1427 

1.6090 

92.0 

94.0 

32337 

0.01766 

4.676 

4.694 

293.67 

891.8 

1185.4 

0.4683 

1.1389 

1.6072 

94.0 

96.0 

324.88 

0.01768 

4.584 

4.602 

*29535 

890.6 

1185.8 

0.4703 

1.1352 

1.6055 

96.0 

98.0 

32637 

0.01769 

4.494 

4.512 

*296.80 

889.4 

11863 

0.4723 

1.1316 

1.6038 

98.0 
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Table I .— Saturated Steam : Pressure Table {Continued) 


Specific Velum* Total Heat Entropp 


Aba . Praii * 

Tafnm 

Sat. 


Sat. 

Sat. 


Sat. 

Sat. 


Sat. 

Aba. Proaa^ 

Ui./Sa. In. 

llac.T. 

LIquIcI Evap. 

Vapar 

Liquid 

Evap. 

Vapor 

Liquid 

Evap. 

Vapor 

Lb./Sq. In. 

P 

t 

▼f 

Vff 

▼f 

hf 

hff 

*>« 

8 f 


s < 

P 

100.0 

327.83 

0.01771 

4.408 

4.426 

298 J 3 

888.2 

1186.6 

0.4742 

1.1280 

1.6022 

100.0 

102.0 

329.27 

0.01773 

4.326 

4.344 

299.83 

887.1 

1186.9 

0.4761 

1.1245 

1.6006 

108.0 

104.0 

330.68 

0.01774 

4.247 

4.265 

301 J 0 

886.0 

1187.3 

0.4779 

1.1211 

1.5990 

104.0 

106.0 

332.08 

0.01776 

4.171 

4.189 

302.76 

884.9 

1187.6 

0.4798 

1.1177 

1.5974 

106.0 

108.0 

333.44 

0.01777 

4.097 

4.115 

304.19 

883.8 

1188.0 

0.4816 

1.1144 

1.5959 

108.0 

110.0 

334.79 

0.01779 

4.026 

4.044 

305.61 

882.7 

1188.3 

0.4834 

1.1111 

1.5944 

110.0 

112.0 

336.12 

0.01780 

3.958 

3.976 

307.00 

881.6 

1188.6 

0.4851 

1.1079 

1.5930 

112.0 

114.0 

337.43 

0.01782 

3.892 

3.910 

308.36 

880.6 

1188.9 

0.4868 

1.1048 

1.5915 

114.0 

116.0 

338 . 72 - 

0.01783 

3.828 

3.846 

309.71 

879.5 

1189.2 

0.4885 

1.1017 

1.5901 

116.0 

118.0 

340.01 

0.01785 

3.766 

3.784 

311.05 

878.5 

1189.5 

0.4901 

1.0986 

1.5887 

118.0 

120.0 

341.26 

0.01786 

3.707 

3.725 

312.37 

877.4 

1189.8 

0.4918 

1.0956 

1.5874 

120.0 

122.0 

342.50 

0.01788 

3.652 

3.670 

313.67 

876.4 

1190.1 

0.4934 

1.0926 

1.5860 

123.0 

124.0 

343.73 

0.01789 

3.597 

3.615 

314.96 

875.4 

1190.4 

0.4950 

1.0897 

1.5847 

184.0 

126.0 

344.94 

0.01791 

3.542 

3.560 

316.23 

874.4 

1190.6 

0.4965 

1.0868 

1.5834 

1 K 6.0 

128.0 

346.14 

0.01792 

3.487 

3.505 

317.49 

873.4 

1190.9 

0.4981 

^0840 

1.5821 

128.0 

180.0 

347.31 

0.01794 

3.433 

3.451 

318.73 

872.4 

1191.2 

0.4996 

1.0812 

1.5808 

130.0 

132.0 

348.48 

0.01795 

3.383 

3.401 

319.95 

871.5 

1191.4 

0.5011 

1.0784 

1.5796 

132.0 

134.0 

349.64 

0.01796 

3.335 

3.353 

321.17 

870.5 

1191.7 

0.5026 

1.0757 

1.5783 

134.0 

186.0 

350.78 

0.01798 

3.288 

3.306 

322.37 

869.6 

1191.9 

0.5041 

1.0730 

1.5771 

136.0 

188.0 

351.91 

0.01799 

3.242 

3.260 

323.56 

868.6 

1192.2 

0.5056 

1.0703 

1.5759 

138.0 

140.0 

353.03 

0.01801 

3.198 

3.216 

324.74 

867.7 

1192.4 

0.5070 

1.0677 

1.5747 

140.0 

142.0 

354.14 

0.01802 

3.155 

3.173 

325.91 

. 866.7 

1192.6 

0.5084 

1.0651 

1.5735 

142.0 

144.0 

355.22 

0.01804 

3.112 

3.130 

327.06 

865.8 

1192.9 

0.5098 

1.0625 

1.5724 

144.0 

146.0 

356.31 

0.01805 

3.071 

3.089 

328.20 

864.9 

1193.1 

0.5112 

1.0600 

1.5712 

146.0 

148.0 

357.37 

0.01806 

3.031 

3.049 

329 J 2 

864.0 

1193.3 

0.5126 

1.0575 

1.5701 

148.0 

160.0 

358.43 

0.01808 

2.992 

3.010 

330.44 

863.1 

1193.5 

0.5140 

1.0550 

1.5690 

160.0 

162.0 

359.47 

0.01809 

2.954 

2.972 

331.54 

862.2 

1193.7 

0.5153 

1.0526 

1.5679 

162.0 

164.0 

360.51 

0.01810 

2.917 

2.935 

332.64 

861.3 

1193.9 

0.5166 

1.0502 

1.5668 

164.0 

166.0 

361.53 

0.01812 

2.882 

2.900 

333.72 

860.4 

1194.1 

0.5180 

1.0478 

1.5658 

166.0 

168.0 

362.54 

0.01813 

2.846 

2.864 

334.80 

859.5 

1194.3 

0.5193 

1.0454 

1.5647 

168.0 

160.0 

363.55 

0.01814 

2.812 

2.830 

335.86 

858.7 

1194.5 

0.5205 

1.0431 

1.5636 

160.0 

162.0 

364.54 

0.01816 

2.779 

2,797 

336.91 

857.8 

1194.7 

0.5218 

1.0408 

1.5626 

162.0 

164.0 

365.52 

0.01817 

2.746 

2.764 

337.95 

857.0 

1194.9 

0,5230 

1.0385 

1.5616 

164.0 

166.0 

366.50 

0.01818 

2.715 

2.733 

338.99 

856.1 

1195.1 

0.5243 

1.0363 

1.5606 

166.0 

168.0 

367.46 

0.01819 

2.683 

2.701 

340.01 

855.2 

11953 

0.5255 

1.0340 

1.5596 

168.0 

170.0 

368.42 

0.01821 

2.653 

2.671 

341.03 

854.4 

1195.4 

0.5268 

1.0318 

1.5586 

170.0 

172.0 

369.37 

0.01822 

2.623 

2.641 

342.04 

853.6 

1195.6 

0.5280 

1.0296 

1.5576 

172.0 

174.0 

370.31 

0.01823 

2.594 

2.612 

343.04 

852.7 

1195.8 

0.5292 

1.0275 

1.5566 

174.0 

176.0 

371.24 

0.01825 

2.566 

2.584 

344.03 

851.9 

1196.0 

0.5304 

1.0253 

1.5557 

176.0 

178.0 

372.16 

0.01826 

2.538 

2.556 

345.01 

851.1 

1196.1 

0.5315 

1.0232 

1.5548 

178.0 

180.0 

373.08 

0.01827 

2.511 

2.529 

345.99 

850.3 

1196.3 

0.5327 

1.0211 

1.5538 

180.0 

182.0 

374.00 

0.01828 

2,484 

2.502 

346.97 

849.5 

1196.4 

0.5339 

1.0190 

1.5529 

182.0 

184.0 

374.90 

0.01829 

2.458 

2.476 

347.94 

848.6 

1196.6 

0 . 5350 - 

1.0169 

1.5520 

184.0 

186.0 

375.78 

0.01831 

2.433 

2.451 

348.89 

847.9 

1196.8 

0.5362 

1.0149 

1.5511 

186.0 

188.0 

376.67 

0.01832 

2.407 

2.425 

349.83 

847.1 

1196.9 

0.5373 

1.0129 

1.5502 

188.0 

190.0 

377.55 

0.01833 

2.383 

2.401 

350.77 

846.3 

1197.0 

0.5384 

1.0109 

1.5493 

190.0 

192.0 

378.42 

0.01834 

2.359 

2.377 

351.70 

845.5 

1197.2 

0.5395 

1.0089 

1.5484 

192.0 

194.0 

379.27 

0.01835 

2.335 

2.353 

352.61 

844.7 

1197.3 

0.5406 

1.0070 

1.5475 

194.0 

196.0 

380.13 

0.01837 

2.312 

2.330 

353.53 

844.0 

1197.5 

0.5417 

1.0050 

1.5467 

196.0 

198.0 

380.97 

0.01838 

2.289 

2.307 

354.43 

843.2 

1197.6 

0.5427 

1.0031 

1.5458 

198.0 

200.0 

381.82 

0.01839 

2.267 

2.285 

355.33 

842.4 

1197.8 

0.5438 

1.0012 

1.5450 

200.0 

206.0 

383.89 

0.01842 

2.213 

2.231 

357.56 

840.5 

1198.1 

0.5465 

0.9964 

1.5429 

206.0 

210.0 

385.93 

0.01844 

2.162 

2.180 

359.76 

838.6 

1198.4 

0.5491 

0.9918 

1.5409 

210.0 

216.0 

387.93 

0.01847 

2.113 

2.131 

361.91 

836.8 

1198.7 

0.5516 

0.9873 

1.5389 

216.0 

220.0 

389.89 

0.01850 

2.066 

2.084 

364.02 

835.0 

1199.0 

0.5540 

0.9829 

1.5369 

220.0 

826.0 

391.81 

0.01853 

2.0208 2.0393 

366.10 

833.2 

1199.3 

0.5565 

0.9786 

1.5350 

226.0 

280.0 

393.70 

0.01856 

1.9778 1.9964 

368.14 

831.4 

1199.6 

0.5588 

0.9743 

1.5332 

230.0 

236.0 

395.56 

0.01859 

1.9367 

1.9553 

370.15 

829.7 

1199.8 

0.5612 

0.9702 

1.5313 

236.0 

240.0 

397.40 

0.01861 

1.8970 1.9156 

372.13 

827.9 

1200.1 

0.5635 

0.9661 

1.5295 

240.0 

246.0 

399.20 

0.01864 

1.8589 1.8775 

374.09 

826.2 

12003 

0.5658 

0.9620 

1.5278 

846.0 
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Table I .— Saturated Steam : Pressure . Table {Continued) 


SpMifie Volume ToUl HMi Entropy 


Aba. Pk«aa. 

Tantj^ 

Sat. 


Sat. 

Sat. 


Sat. 



Sat* 

Aba. Piraaa* 

Lb./Sq. In. 

Dag.T. 

Liquid 

Evap. 

Vapor 

Liquid 

Evap* 

Vapor 

Liquid 

Evap. 

Vapor 

Lb./Sq. In. 

P 

t 

Tf 

Vfg 


hf 

hfg 

hf 

8f 

Sff 

u 

P 

250.0 

400.97 

0.01867 

1.8223 

1.8410 

376.02 

824.5 

1200.5 

0.5680 

0.9581 

1.5261 

880.0 

260.0 

404.43 

0.01872 

1.7536 

1.7723 

379.78 

821.2 

1201.0 

0.5723 

0.9504 

1.5227 

860.0 

270.0 

407.79 

0.01877 

1.6895 

1.7083 

383.44 

818.0 

1201.4 

0.5765 

0.9430 

1.5194 

870.0 

280.0 

411.06 

0.01882 

1.6302 

1.6490 

387.02 

814.7 

1201.8 

0.5805 

0.9357 

1.5163 

880.0 

200.0 

414.24 

0.01887 

1.5745 

1.5934 

390.50 

811.6 

1202.1 

0.5845 

0.9287 

1.5132 

890.0 

800.0 

417.33 

0.01892 

1.5225 

1.5414 

393.90 

808.5 

1202.4 

0.5883 

0.9220 

1.5102 

800.0 

320.0 

423.29 

0.01901 

1.4279 

1.4469 

400.47 

802.5 

1203.0 

0.5957 

0.9089 

1.5046 

880.0 

340.0 

428.96 

0.01910 

1.3439 

1.3630 

406.75 

796.6 

1203.4 

0.6027 

0.8965 

1.4992 

840.0 

360.0 

434.39 

0.01918 

1.2689 

1.2881 

412.80 

790.9 

1203.7 

0.6094 

0.8846 

1.4940 

860.0 

380.0 

439.59 

0.01927 

1.2015 

1.2208 

418.61 

785 J 

1203.9 

0.6157 

0.8733 

1 . 4,891 

880.0 

400.0 

444.58 

0.0194 

1.1407 

1.1601 

424.2 

779.8 

1204.1 

0.6218 

0.8625 

1.4843 

400.0 

420.0 

449.38 

0.0194 

1.0853 

1.1047 

429.6 

774.5 

1204.1 

0.6277 

0.8520 

1.4798 

480.0 

440.0 

454.01 

0.0195 

1.0345 

1.0540 

434.8 

769.3 

1204.1 

0.6334 

0.8420 

1.4753 

440.0 

460.0 

458.48 

0.0196 

0.9881 

1.0077 

439.9 

764.1 

1204.0 

0.6388 

0.8322 

1.4711 

460.0 

480.0 

462.80 

0.0197 

0.9456 

0.9633 

444.9 

759.0 

1203.9 

0.6441 

0.8228 

1.4670 

480.0 

600.0 

466.99 

0.0198 

0.9063 

0.9261 

449.7 

754.0 

1203.7 

0.6493 

0.8137 

1.4630 

600.0 

620.0 

471.05 

0.0198 

0.8701 

0.8899 

454.4 

749.0 

1203.5 

0.6543 

0.8048 

1.4591 

880.0 

640.0 

474.99 

0.0199 

0.8363 

0.8562 

459.0 

744.1 

1203.2 

0.6592 

0.7962 

1.4554 

640.0 

560.0 

478.82 

0.0200 

0.8047 

0.8247 

463.6 

739.3 

1202.9 

0.6639 

0.7878 

1.4517 

660.0 

680.0 

482.55 

0.0201 

0.7751 

0.7952 

468.0 

734.5 

1202.5 

0.6686 

0.7796 

1.4482 

680.0 

600.0 

486.17 

0.0202 

0.7475 

0.7677 

472.3 

729.8 

1202.1 

0.6731 

0.7716 

1.4447 

600.0 

620.0 

489.71 

0.0202 

0.7217 

0.7419 

476.6 

725.1 

1201.7 

0.6775 

0.7638 

1.4413 

620.0 

640.0 

493.16 

0.0203 

0.6972 

0.7175 

480.8 

720.5 

1201.2 

0.6818 

0.7562 

1.4380 

640.0 

660.0 

496.53 

0.0204 

0.6744 

0.6948 

484.9 

715.9 

1200.8 

0.6861 

0.7487 

1.4348 

660.0 

660.0 

499.82 

0.0205 

0.6527 

0.6732 

488.9 

71 U 

1200.2 

0.6902 

0.7414 

1.4316 

680.0 

700.0 

503.04 

0.0206 

0.6321 

0.6527 

492.9 

706.8 

1199.7 

0.6943 

0.7342 

1.4285 

700.0 

720.0 

506.19 

0.0206 

0.6128 

0.6334 

496.8 

702.4 

1199.2 

0.6983 

0.7272 

1.4255 

720.0 

740.0 

509.28 

0.0207 

0.5944 

0.6151 

500.6 

697.9 

1198.6 

0.7022 

0.7203 

1.4225 

740.0 

760.0 

512.30 

0.0208 

0.5769 

0.5977 

504.4 

693.5 

1198.0 

0.7060 

0.7136 

1.4196 

760.0 

780.0 

515.27 

0.0209 

0.5602 

0.5811 

508.2 

689.2 

1197.4 

0.7098 

0.7069 

1.4167 

780.0 

600.0 

518.18 

0.0209 

0.5444 

0.5653 

511.8 

684.9 

1196.7 

0.7135 

0.7004 

1.4139 

800.0 

820.0 

521.03 

0.0210 

0.5293 

0.5503 

515,5 

680.6 

1196.0 

0.7171 

0.6940 

1.4111 

820.0 

840.0 

523.83 

0.0211 

0.5149 

0.5360 

519.0 

676.4 

1195.4 

0.7207 

0.6877 

1.4084 

840.0 

860.0 

526.58 

0.0212 

0.5013 

0.5225 

522.6 

672.1 

1194.7 

0.7242 

0.6815 

1.4057 

860.0 

880.0 

529.29 

0.0213 

0.4881 

0.5094 

526.0 

667.9 

1194.0 

0.7277 

0.6754 

1.4031 

880 .a 

600.0 

531.95 

0.0213 

0.4756 

0.4969 

529.5 

663.8 

1193.3 

0.7311 

0.6694 

1.4005 

900.0 

620.0 

534.56 

0.0214 

0.4635 

0.4849 

532.9 

659.7 

1192.6 

0.7344 

0.6635 

1.3980 

920.0 

640.0 

537.13 

0.0215 

0.4520 

0.4735 

536.2 

655.6 

1191.8 

0.7377 

0.6577 

1.3954 

940.0 

660.0 

539.66 

0.0216 

0.4409 

0.4625 

539.6 

651.5 

1191.1 

0.7410 

0.6520 

13930 

960.0 

680.0 

542.14 

0.0217 

0.4303 

0.4520 

542.8 

647.5 

1190.3 

0.7442 

0.6464 

13905 

980.0 

1000.0 

544.58 

0.0217 

0.4202 

0.4419 

546.0 

643.5 

1189.6 

0.7473 

0.6408 

13881 

1000.0 

1060.0 

550.53 

0.0219 

0.3960 

0.4179 

554.0 

633.6 

1187.6 

0.7550 

0,6273 

1.3822 

1060.0 

1100.0 

556.28 

0.0222 

0.3738 

0.3960 

561.7 

623.9 

1185.6 

0.7624 

0.6141 

13765 

1100.0 

1160.0 

561.81 

0.0224 

0.3540 

0,3764 

569.2 

614.3 

1183.5 

0.7695 

0.6014 

1.3709 

1160.0 

1200.0 

567.14 

0.0226 

0.3356 

0.3582 

576.5 

604.9 

1181.4 

0.7764 

0.5891 

13656 

1200.0 

1260.0 

572.30 

0.0228 

0.3187 

0.3415 

583.6 

595.6 

1179.2 

0.7831 

0.5772 

13603 

1260.0 

1300.0 

577.32 

0.0230 

0.3029 

0.3259 

590.6 

586.3 

1177.0 

0.7897 

0.5654 

13552 

1300.0 

1360.0 

582.21 

0.0232 

0.2884 

0.3116 

597.5 

577.2 

1174.7 

0.7962 

0.5540 

13501 

1360.0 

1400.0 

586.96 

0.0235 

0.2748 

0.2983 

604.3 

568.1 

1172.4 

0.8024 

0.5428 

1.3452 

1400.0 

1460.0 

591.58 

0.0237 

0.2621 

0.2858 

611.0 

559.1 

1170.0 

0.8086 

0.5318 

13404 

1460.0 

1600.0 

596.08 

0.0239 

0.2502 

0.2741 

617.5 

550.2 

1167.6 

0.8146 

0.5212 

13357 

1600.0 

1600.0 

604.74 

0.0244 

0.2284 

0.2528 

630.2 

532.6 

1162.7 

0.8262 

0.5003 

13265 

1600.0 

1700.0 

612.98 

0.0249 

0.2089 

0.2338 

642.5 

515.0 

1157.5 

0.8373 

0.4801 

13174 

1700.0 

1800.0 

620.86 

0.0254 

0.1913 

0.2167 

654.7 

497.2 

1151.8 

0.8482 

0.4601 

13083 

1800.0 

1900.0 

628.39 

0 . 02 M 

0.1754 

0.2014 

666.8 

478.9 

1145.7 

0.8589 

0.4402 

13990 

1900.0 

2000.0 

635.6 

0.0265 

0.1610 

0.1875 

679.0 

460.0 

1139.0 

0.8696 

0.4200 

1.2896 

8000.0 

2200.0 

649.2 

0.0277 

0.1346 

0.1623 

703.7 

420.0 

1123.8 

0.8912 

0.3788 

1.2700 

8800.0 

2400.0 

661.9 

0.0292 

0.1112 

0.1404 

729.4 

376,4 

1105.8 

0.9133 

0.3356 

1.2488 

2400.0 

2600.0 

673.8 

0.0310 

0.0895 

0.1205 

756.7 

327.8 

1084.5 

0.9364 

0.2892 

1.2257 

8600.0 

2800.0 

684.9 

0.0333 

0.0688 

0.1021 

786,7 

272.3 

1058.9 

0.9618 

0.2379 

1.1996 

8800.0 

3000.0 

695.2 

0.0367 

0.0477 

0.0844 

823.1 

202.5 

1025.6 

0.9922 

0.1754 

1.1676 

8000.0 

3200.0 

704.9 

0.0459 

0.0142 

0.0601 

887.0 

75.9 

962.9 

1.0461 

0.0651 

1.1112 

8800.0 

3226.0 

706.1 

0.0522 

0 

0.0522 

925.0 

0 

925.0 

1.0785 

0 

1.0785 

8886.0 



POWER PLANT TESTING 
Table II.— Saturated Steam ; Temperature Table 


Spscifie Voluni« TotaJ Haat Entropy 


Tamp. Aba. Rraga. 

Sat. 

Sat. 

Sat. 


Sat. 

Sat. 


Sat. 

Tampu 

Pabr. Lb ./ Sq . ln . 

Uquia Evap. V 

apor 

Liquid 

Evap. 

Vapor 

Liquid 

Evap. 

Vapor 

Fahr. 

t 

P 

V ( 



ht 

hU 

hf 

•f 

•fs 

H 

t 

sr 

0.0887 

0.01602 3301 3301 

0.00 

1073.4 

1073.4 

0.0000 

2.1834 

2.1834 

32 ® 

84 

0.0961 

0.01602 3059 3059 

2.01 

1072.3 

10743 

0.0041 

2.1723 

2.1764 

84 

8« 

0.1041 

0.01602 2835 2835 

4.03 

1071.2 

10753 

0.0081 

2.1614 

2.1695 

84 

88 

0.1126 

0.01602 2632 2632 

6.04 

1070.2 

1076.2 

0.0122 

2.1505 

2.1627 

88 

40* 

0.1217 

0.01602 2445 2445 

8.05 

1069.1 

1077.1 

0.0162 

2.1397 

2.1559 

40® 

42 

0.1315 

0.01602 2272 2272 

10.05 

1068.0 

1078.0 

0.0202 

2.1290 

2.1492 

48 

44 

0.1420 

0.01602 2112 2112 

12.05 

1066.9 

10 ^ 8.9 

0.0242 

2.1184 

2.1426 

44 

46 

0.1532 

0.01602 

1965.3 1965 J 

14.06 

1065.8 

1079.8 

0.0282 

2.1078 

2.1360 

46 

48 

0.1652 

0.01602 

1829.7 1829.7 

16.06 

1064.7 

1080.8 

0.0321 

2.0974 

2.1295 

48 

W 

0.1780 

0.01602 

1704.8 1704.8 

18.06 

1063.6 

1081.7 

0.0361 

2.0870 

2.1231 

50® 

82 

0.1918 

0.01602 

1588.3 1588.3 

20.06 

1062.5 

1082.6 

0.0400 

2.0767 

2.1167 

68 

84 

0.2063 

0.01602 

1482.4 1482.4 

22.06 

1061.4 

1083.5 

0.0439 

2.0665 

2.1104 

H 

86 

0.2219 

0.01603 

1383.5 1383.5 

24.05 

1060.3 

1084.4 

0.0478 

2.0564 

2.1042 

68 

88 

0.2384 

0.01603 

1292.8 1292.8 

26.05 

1059.3 

10853 

0.0517 

2.0464 

2.0980 

68 

60* 

0.2561 

0.01603 

1208.0 1208.0 

28.05 

1058.2 

1086.2 

0.0555 

2.0364 

2.0919 

60® 

62 

0.2749 

0.01603 

1129.7 1129.7 

30.05 

1057.1 

1087.1 

0.0594 

2.0265 

2.0859 

68 

64 

0.2949 

0.01604 

1057.1 1057.1 

32.04 

1056.0 

1088.0 

0.0632 

2.0167 

2.0799 

64 

66 

0.3162 

0.01604 

989.7 

989.6 

34.04 

1054.9 

1089.0 

0.0670 

2.0069 

2.0739 

66 

68 

0.3388 

0.01605 

927.1 

927.1 

36.03 

1053.8 

1089.8 

0.0708 

1.9973 

2.0680 

68 

70* 

0.3628 

0.01605 

869.0 

869.0 

38.03 

1052.7 

1090.8 

0.0746 

1.9877 

2.0622 

70 ® 

72 

0.3883 

0.01606 

814.9 

815.0 

40.02 

1051.6 

1091.7 

0.0783 

1.9782 

2.0565 

78 

74 

0.4153 

0.01606 

764.8 

764.8 

42.02 

1050.6 

1092.6 

0.0820 

1.9687 

2.0507 

74 

76 

0.4440 

0.01606 

718.0 

718.0 

44.01 

1049.5 

1093.5 

0.0858 

1.9593 

2.0451 

76 

76 

0.4744 

0.01607 

674.5 

674.5 

46.00 

1048.4 

1094.4 

0.0895 

1.9500 

2.0395 

78 

80* 

0.5067 

0.01607 

633.8 

633.8 

48.00 

1047.3 

1095.3 

0.0932 

1.9407 

2.0340 

80® 

82 

0.5409 

0.01608 

595.9 

595.9 

50.00 

1046.2 

1096.2 

0.0969 

1.9316 

2.0285 

82 

84 

0.5772 

0.01608 

560.5 

560.5 

52.00 

1045.1 

1097.1 

0.1006 

1.9224 

2.0230 

84 

86 

0.6153 

0.01609 

527.6 

527,7 

54.00 

1044.0 

1098.0 

0.1042 

1.9134 

2.0176 

86 

88 

0.6555 

0.01609 

497.1 

497.1 

56.00 

1042.9 

1098.9 

0.1079 

1.9044 

2.0123 

88 

90* 

0.6980 

0.01610 

468.5 

468.5 

58.00 

1041.8 

1099.8 

0.1115 

1.8955 

2.0070 

90® 

92 

0.7429 

0.01610 

441.7 

441.8 

59.98 

1040.7 

1100.7 

0.1152 

1.8866 

2.0018 

92 

94 

0.7902 

0.01611 

416.8 

416.8 

61.97 

1039.6 

1101.6 

0.1188 

1.8778 

1.9966 

94 

96 

0.8403 

0.01612 

393.3 

393.3 

63.96 

1038.5 

1102.5 

0.1224 

1.8691 

1.9915 

96 

98 

0.8930 

0.01612 

371.4 

371.4 

65.94 

1037.4 

1103.4 

0.1260 

1.8604 

1.9864 

98 

100® 

0.9487 

0.01613 

350.8 

350.8 

67.93 

1036.3 

1104.2 

0.1295 

1.8518 

1.9813 

100® 

108 

1.1009 

0.01615 

305.0 

305.0 

72.91 

1033.5 

1106.4 

0.1384 

1.8305 

1.9689 

106 

110 

1.274 

0.01616 

265.8 

265.8 

77.89 

1030.8 

1108.6 

0.1472 

1.8095 

1.9567 

110 

116 

1.470 

0.01618 

232.3 

2323 

82.89 

1027.9 

1110.8 

0.1559 

1.7889 

1.9448 

115 

120® 

1.692 

0.01620 

203.5 

203.6 

87.88 

1025.1 

1113.0 

0.1646 

1.7685 

1.9331 

120® 

128 

1.941 

0.01622 

178.9 

178.9 

92.87 

1022.2 

1115.1 

0.1731 

1.7485 

1.9216 

126 

180 

2.221 

0.01625 

157.62 

157.64 

97.86 

1019.4 

1117.2 

0.1816 

1.7288 

1.9104 

130 

136 

2.536 

0.01627 

139.15 

139.17 

102.85 

1016.5 

1119.3 

0.1901 

1.7094 

1.8995 

136 

140 

2.887 

0.01629 

123.20 

123.22 

107.84 

1013.6 

1121.4 

0.1984 

1.6903 

1.8887 

140 

146® 

3.280 

0.01632 

109.29 

109.31 

112.84 

1010.6 

1123.5 

0.2067 

1.6715 

1.8782 

146® 

160 

3.716 

0.01634 

97.21 

97.23 

117.84 

1007.7 

1125.5 

0.2149 

1.6530 

1.8679 

160 

166 

4.201 

0.01637 

86.64 

86.66 

122.85 

1004.7 

1127.6 

0.2231 

1.6347 

1.8578 

166 

160 

4.739 

0.01639 

77.38 

77.40 

127.85 

1001.8 

1129.6 

0.2312 

1.6168 

1.8479 

160 

166 

5.334 

0.01642 

69.26 

69.28 

132.85 

998.8 

1131.7 

0.2392 

1.5991 

1.8383 

166 

170® 

5.990 

0.01645 

62.13 

62.14 

137.85 

995.8 

1133.7 

0.2472 

1.5816 

1.8288 

170® 

176 

6.716 

0.01648 

55.81 

55.82 

142.86 

992.8 

1135.7 

0.2551 

1.5644 

1.8195 

176 

180 

7.510 

0.01650 

50.26 

50.28 

147.87 

989.8 

1137.7 

0.2629 

1.5475 

1.8105 

180 

186 

8.382 

0.01654 

45.35 

45.36 

152.87 

986.8 

1139.7 

0.2707 

1.5308 

1.8016 

186 

190 

9.336 

0.01656 

40.99 

41.01 

157.89 

983.8 

1141.7 

0.2785 

1.5144 

1.7929 

190 

196 ® 

10.385 

0.01660 

37.10 

37.12 

162.91 

980.8 

1143.7 

0.2862 

1.4982 

1.7844 

196® 

200 

11.525 

0.01663 

33.65 

33.67 

167.94 

977.7 

1145.6 

0.2938 

1.4822 

1.7760 

200 

206 

12.769 

0.01665 

30.57 

30.59 

172.97 

974.6 

1147.6 

03014 

1.4664 

1.7678 

206 

210 

14.123 

0.01669 

27.82 

27.83 

177.99 

971.5 

1149.5 

0.3089 

1.4508 

1.7597 

210 

212 

14.696 

0.01670 

26.80 

26.82 

180.00 

970.2 

1150.2 

03119 

1.4446 

1.7564 

212 

216 ® 

15.591 

0.01673 

25.35 

2537 

183.02 

968.3 

11513 

0.3164 

1.4353 

1.7517 

216 ® 

220 

17.188 

0.01676 

23.14 

23.16 

188.06 

965.1 

1153.1 

03238 

1.4200 

1.7439 

220 

226 

18.915 

0.01680 

21.15 

21.17 

193.09 

961.8 

1154.9 

0.3313 

1.4049 

1.7362 

286 

280 

20.78 

0.01683 

19371 19.388 

198.15 

958.6 

1156.7 

03386 

13900 

1.7286 

880 

286 

22.80 

0.01687 

17.761 17.778 

20331 

9553 

1158.5 

03460 

13752 

1.7212 

286 
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Table IL—Saturated Steam: Temperature Table { Continued ) 




Specific Volum* 

Total Maat 

Entropy 


T«mV. 


Sat. 


Sat. 

Sat. 


Sat. 

Sat. 


Sat. 

Tsiwp, 

F«hr. 

1A./Sq. In. 

Liauld 

Evap. 

Vapor 

Liquid 

Evap. 

Vapor 

Liquid 

Evap. 

Vapor 

Fmh^ 

t 

P 

V( 

▼fg 

Vg 

h( 

h(. 

tig 

8f 

•Ig 

H 

t 


24.97 

0.01690 16307 

16324 

208.26 

952.0 

11603 

03532 

13607 

1.7138 

240® 

246 

27.31 

0.01695 14.991 

15.008 

213.33 

948.6 

1161.9 

0.3604 

1.3462 

1.7066 

846 

260 

29.82 

0.01698 13.807 

13.824 

218 J 9 

945.2 

1163.6 

0.3675 

1.3320 

1.6995 

860 

266 

32.53 

0.01702 12.726 

12.743 

223.47 

941.8 

11653 

0.3746 

1.3179 

1.6925 

866 

260 

35.43 

0.01706 11.745 

11.762 

228.55 

938.4 

1166.9 

0.3817 

1.3040 

1.6856 

260 

266* 

38.54 

0.01710 10.854 

10.871 

233.65 

934.9 

1168.6 

0.3888 

1.2901 

1.6789 

266® 

270 

41.85 

0.01714 10.044 

10.061 

238.74 

931.4 

1170.1 

0.3958 

1.2765 

1.6723 

870 

276 

• 45.40 

0.01719 

9.304 

9321 

243.84 

927.8 

1171.6 

0.4028 

1.2630 

1.6658 

876 

280 

49.20 

0.01723 

8.626 

8.644 

248.95 

924.2 

1173.2 

0.4097 

1.2496 

1.6593 

260 

280 

53.25 

0.01728 

8.007 

8.024 

254.08 

920.6 

1174.7 

0.4166 

1.2363 

1.6529 

286 

290® 

57.55 

0.01732 

7.442 

7.459 

259.20 

917.0 

1176.2 

0.4234 

1.2233 

1.6467 

280® 

296 

42.13 

0.01737 

6.923 

6.940 

26434 

913.4 

1177.7 

0.4303 

1.2103 

1.6406 

206 

800 

47.01 

0.01742 

6.446 

6.464 

269.48 

909.6 

1179.1 

0.4370 

1.1974 

1.6345 

300 

806 

72.18 

0.01747 

6.009 

6.026 

274.64 

905.8 

1180.4 

0.4438 

1.1847 

1.6285 

806 

810 

77.68 

0.01752 

5.606 

5.623 

279.80 

902.1 

1181.9 

0.4505 

1.1721 

1.6226 

310 

816 

83.50 

0.01757 

5.234 

5.252 

284.98 

898.2 

1183.2 

0.4571 

1.1596 

1.6167 

816 

820® 

89.65 

0.01762 

4.892 

4.910 

290.17 

894.4 

1184.6 

0.4638 

1.1472 

1.6110 

326® 

826 

96.16 

0.01768 

4.573 

4.591 

295.38 

890.5 

1185.9 

0.4705 

1.1349 

1.6054 

826 

880 

103.03 

0.01773 

4.285 

4.303 

300.59 

886.5 

1187.1 

0.4770 

1.1227 

1.5998 

330 

836 

110.31 

0.01779 

4.016 

4.034 

305.81 

882.5 

1188.3 

0.4836 

1.1106 

1.5942 

336 

840 

117.99 

0.01785 

3.766 

3.784 

311.05 

878.5 

1189.5 

0.4901 

1.0986 

1.5887 

340 

846® 

126.10 

0.01791 

3.535 

3.553 

316.30 

874.3 

1190.6 

0.4966 

1.0866 

1.5832 

346® 

860 

134.62 

0.01797 

3.321 

3.338 

321.55 

870.2 

1191.8 

0.5031 

1.0748 

1.5779 

360 

866 

143.58 

0.01804 

3.121 

3.139 

326.82 

866.0 

■ 1192.8 

0.5095 

1.0630 

1.5725 

366 

860 

153.01 

0.01810 

2.936 

2.954 

332.10 

861.7 

1193.8 

0.5160 

1.0514 

1.5673 

360 

366 

162.93 

0.01817 

2.764 

2.782 

337.40 

857.4 

1194.8 

0.5224 

1.0397 

1.5621 

366 

870® 

173 J 3 

0.01823 

2.604 

2.622 

342.71 

853.0 

1195.7 

0.5288 

1.0282 

1.5570 

370® 

876 

184.23 

0.01830 

2.455 

2.473 

348.05 

848.6 

1196.7 

0 . 53 S 2 

1.0167 

1.5519 

376 

380 

195.70 

0.01836 

2.315 

2.333 

353.39 

844.1 

1197.5 

0.5415 

1.0053 

1.5468 

360 

886 

207.71 

0.01844 

2.185 

2.203 

358.76 

839.5 

1198.3 

0.5479 

0.9939 

1.5418 

386 

890 

22029 

0.01850 

2.0631 

2.0816 

364.14 

834.9 

1199.0 

0.5542 

0.9826 

1.5368 

800 

896 

233,47 

0.01858 

1.9489 

1,9675 

369.54 

830.3 

1199.8 

0.5605 

0.9714 

1.5319 

306 

400® 

247.25 

0.01865 

1.8421 

1.8608 

374,96 

825.5 

1200.4 

0.5668 

0.9602 

1.5270 

400® 

410 

276.72 

0.01880 

1.6493 

1.6681 

385.86 

815.8 

1201.6 

0.5792 

0.9381 

1.5173 

410 

420 

. 308.82 

0.01896 

1.4792 

1.4982 

396.84 

805.8 

1202.7 

0.5916 

0.9161 

1.5077 

480 

480 

343.71 

0.01911 

1.3295 

1.3486 

407.91 

795.5 

1203.4 

0.6039 

0.8942 

1.4982 

430 

440 

381.59 

0.01928 

1.1965 

1.2158 

419.07 

784.9 

1203.9 

0.6162 

0.8724 

1.4887 

440 

460® 

422.61 

0.0195 

1.0782 

1.0977 

4303 

773.8 

1204.1 

0.6284 

0.8507 

1.4792 

460® 

460 

466.94 

0.0196 

0.9730 

0.9927 

441.7 

762.3 

1204.0 

0.6407 

0.8290 

1.4696 

460 

470 

, 514.76 

0.0198 

0.8793 

0.8991 

453.2 

7503 

1203.5 

0.6530 

0.8071 

1.4601 

470 

480 

1566.26 

0.0200 

0.7951 

0.8151 

465.0 

737.8 

1202.8 

0.6654 

0.7852 

1.4506 

480 

490 

421.67 

0.0202 

0.7195 

0.7398 

477.0 

724.7 

1201.7 

0.6779 

0.7632 

1.4410 

400 

800® 

681.09 

0.0205 

0.6516 

0.6721 

489.1 

711.1 

1200.2 

0.6904 

0.7410 

1.4314 

600® 

610 

744.74 

0.0207 

0,5903 

0.6110 

501.6 

696.9 

1198.4 

0.7031 

0.7187 

1.4218 

610 

620 

812.72 

0.0210 

0,5347 

0.5557 

514.2 

682.1 

1196.3 

0.7158 

0.6963 

1.4121 

620 

680 

885.31 

0.0213 

0.4845 

0.5058 

527.0 

666.8 

1193.8 

0.7286 

0.6738 

1.4024 

680 

640 

962.73 

0.0216 

0.4394 

0.4610 

540.0 

651.0 

1191.0 

0.7414 

0.6512 

13926 

640 

660® 

1045.4 

0.0219 

0.3982 

0.4201 

SS 3.2 

634.5 

1187.8 

0.7543 

0.6285 

1.3828 

660® 

660 

1133.4 

0.0223 

0.3605 

0.3828 

566.7 

617.5 

11843 

0.7672 

0.6056 

1.3728 

660 

670 

1227.6 

0.0227 

0.3261 

0.3488 

580.4 

599.7 

1180.2 

0.7802 

0.5825 

13626 

670 

680 

1327.2 

0.0231 

0.2949 

0.3180 

594.4 

581.3 

1175.7 

0.7932 

0.5592 

13524 

680 

690 

1432.7 

0.0236 

0.2664 

0.2900 

608.7 

562.2 

1170.8 

0.8064 

0.5356 

1.3420 

600 

600® 

1544.6 

0.0241 

0.2401 

0.2642 

623.2 

542.3 

1165.5 

0.8198 

0.5118 

13316 

600® 

610 

1663.2 

0.0247 

0.2159 

0.2406 

638.0 

521.4 

1159.5 

0.8332 

0.4875 

1.3208 

610 

620 

1788.8 

0.0254 

0.1933 

0.2186 

653.4 

499.2 

1152.5 

0.8470 

0.4623 

13093 

620 

680 

1921.9 

0.0261 

0,1721 

0.1982 

669.5 

474.8 

11443 

0.8612 

0.4358 

1.2970 

630 

640 

2062.8 

0.0269 

0.1522 

0.1791 

686.6 

447.9 

1134.5 

0.8763 

0.4073 

13836 

640 

660® 

2211.4 

0.0278 

0.1331 

0.1610 

7053 

417.7 

1122.8 

0.8924 

03764 

13688 

660® 

660 

2368.6 

0.0290 

0.1148 

0.1437 

7253 

383.6 

1108.8 

0.9097 

0 . 3426 ' 

13523 

660 

670 

2534.2 

0.0304 

0.0966 

0.1269 

747.5 

344.4 

1091.9 

0.9287 

03049 

1.2336 

670 

680 

2709.7 

0.0322 

0.0781 

0.1102 

772.6 

298.5 

10713 

0.9499 

0.2619 

13119 

680 

690 

2896.8 

0.0347 

0.0589 

0.0936 

803.0 

2413 

10443 

0.9755 

03098 

1.1852 

600 

700® 

3096.4 

0.0394 

0.0353 

0.0747 

8463 

XS7.0 

1003.2 

1.0117 

0.1354 

1.1471 

700® 

706.1 8226.0 

0.0522 

0 

0.0522 

9253 

0 

925.0 

1.0785 

0 

1.0785 

706.1 
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POWER PLANT TESTING 


Table III .— Superheated Steam 


AU. PrMii Temp«ratur«—DtfTMt Fahranhall 

WsSlm 160* 200* 250* 800* 860* 400* 480* 600* 660* 600* TOO* 600* 000* 1000* 




' 0.02 333.9 

362.7 392.5 422.3 452.1 481.9 

1 

h 

69.7 1105.0 

1127.0 1149.8 1172.4 1195.0 1217.8 

(101.76) 

8 

0.1326 1.9769 

2.0144 2.0503 2.0835 2.1142 2.1433 


9 

0.02 73.61 

78.17 84.19 90.21 96.21 

« 

h 

130.1 1U0.6 

1148.2 11713 1194.2 1217.2 

062.25) 

• 

0.2348 1.8435 

1.8712 1.9050 1.9361 1.9654 



0.02 38.45 

38.88 41.92 44.98 48.00 

10 

h 

161.1 1143.0 

1146.3 1169.9 1193.2 1216.4 

(193.21) 

• 

03834 1.7874 

1.7925 1.8271 1.8587 1.8838 



0.02 26.82 

28.40 30.52 32.59 

14.696 

h 

.180.0 1150.2 

1168.6 1192.2 1215.6 

(212.00) 

• 

03119 1.7564 

1.7832 1.8154 1.8452 


9 

0.02 20.10 

20.79 22.36 23.90 

30 

fl 

196.1 1156.0 

1167.0 1191.1 1214.8 

(227.96) 

8 

0.3356 1.7317 

1.7474 1.7802 1.8104 


V 

0.017 10.497 

11.044 11.843 

46 

h 

235.9 1169.2 

1186.5 12113 

(267.24) 

8 

03919 1.6759 

1.6990 1.7309 


V 

0.017 7.172 

7.260 7.821 

60 

h 

262.0 1177.0 

1181.2 1207.7 

(292.71) 

• 

0.4271 1.6434 

1.6488 1.6827 


V 

0.018 5.470 

5.806 

SO 

h 

281.9 1182.4 

1203.8 

(312.03) 

8 

0.4532 1.6202 

1.6473 


V 

0.018 4.426 

4.594 

100 

h 

298.3 1186.6 

1199.7 

(327.83) 

8 

0.4742 1.6022 

1.6185 


9 

0.018 3.725 

3.781 

120 

h 

312.4 1189.8 

11953 

(341.26) 

8 

0.4918 1.5874 

1.5940 


V 

0.018 3.216 


140 

h 

324.7 1192.4 


(353.03) 

8 

0.5070 1.5747 



V 

0.018 2.830 


160 

h 

335.9 1194.5 


(363.55) 

8 

03205 1.5636 



V 

0.018 2.529 


180 

h 

346.0 11963 


(373.08) 

8 

0.5327 1.5538 



V 

0.018 2.285 


300 

h 

3553 1197.8 


(381.82) 

8 

0.5438 1.5450 



▼ 

0.019. 2.084 


330 

h 

364.0 1199.0 


(389.89) 

8. 

0.5540 1.5369 



V 

0.0186 1.9156 


340 

h 

372.1 1200.1 


(397.40) 

8 

0.5635 1.5295 



V 

0.0187 1.7723 


360 

h 

379.8 1201.0 


(404.43) 

8 

0.5723 1.5227 



9 

0.0188 1.6490 


380 

h 

387.0 1201.8 


(411.06) 

8 

03805 1.5163 



9 

0.0189 1.5414 


800 

h 

393.9 1202.4 


(41733) 

8 

0.5883 1.5102 



9 

0.0191 1.3245 


860 

h 

409.8 1203.6 


(431.71) 

8 

0.6061 1.4966 



V 

0.0194 1.1601 


400 

h 

424.2 1204.1 


<444.S6) 

• 

0.6218 1.4843 



S11.7 S4I.6 S71.3 601.1 630.9 690.6 7S0.2 809.8 869.4 

1240.7 1263.9 1287.2 1310.9 1334.6 1383.0 1432.6 1483.3 1S3S.2 

2.1707 2.1968 2.2218 2.2458 2.2688 2.3125 23535 23922 2.4291 

102.19 108.19 114.16 120.14 126.11 138.05 149.99 161.91 173.83 

1240.2 1263.5 1286.9 1310.7 1334.4 1382.9 1432.5 1483.2 1535.1 

1.9930 2.0192 2.0443 2.0683 2.0914 2.1351 2.1761 2.2149 23517 

51.01 54.02 57.02 60.02 63.01 68.99 74.96 80.92 86.89 

1239.6 1262.9 1286.4 1310.1 1334.0 1382.6 1432.3 1483.1 1535.0 

1.9161 1.9430 1.9676 1.9916 2.0148 2.0586 2.0997 2.1385 2.1753 

34.65 36.70 38.75 40.79 42.83 46.91 50.97 55.03 59.09 

1239.0 1262.4 1286.0 1309.7 1333.7 1382.4 1432.1 1482.9 1534.9 

1.8731 1.8996 1.9249 1.9490 1.9722 2.0161 2.0572 2.0961 2.1330 

25.43 26.94 28.45 29.95 31.46 34.46 37.44 40.43 43.42 

1238.3 1261.9 1285.5 1309.3 1333.4 1382.1 1432.0 1482.8 1534.8 

1.8386 1.8652 1.8906 1.9148 1.9380 1.9819 2.0232 2.0620 2.0989 

12.623 13.392 14.161 14.922 15.682 17,190 18.686 20.18 21.68 

1235.6 1259.7 1283.7 1307.8 1332.0 1381.2 1431J 14823 1534.4 

1.7599 1.7871 1.8128 1.8373 1.8607 1.9050 1.9464 1.9854 2.0224 


8.353 8.878 9.398 9.911 10.423 11.435 12.436 13.439 14.440 

1232.8 1257.4 1281.9 1306.2 1330.7 1380.2 1430.6 1481.8 1533.9 

1.7128 1.7406 1.7667 1.7915 1.8151 1.8597 1.9014 1.9406 1.9775 

6.217 6.618 7.015 7.406 7.793 8.558 9.313 10.067 10.817 

1229.9 1255.2 1280.0 1304.7 1329.3 1379.2 1429.9 1481.3 1533.5 

1.6785 1.7070 1.7336 1.7586 1.7824 1.8274 1.8694 1.9086 1.9456 

4.934 5.263 5.585 5.903 6.215 6.831 7.439 8.044 8.644 

1226.9 1252.8 1278.0 1303.0 1327.9 1378.2 1429.2 1480.7 1533.1 

1.6512 1.6805 1.7075 1.7329 1.7569 1.8023 1.8445 1.6838 1.9209 

4.077 4.359 4.632 4.899 5.162 5.680 6.189 6.693 7.196 

1223.8 1250.4 1276.1 1301.4 1326.5 1377.2 1428.5 1480.2 1532.7 

1.6283 1.6584 1.6859 1.7115 1.7359 1.7816 1.8240 1.8635 1.9007 

3.465 3.713 3.951 4.182 4.410 4.857 5.297 5.728 6.161 

1220.5 1247.9 1274.1 1299.7 1325.1 1376.2 1427.8 1479.7 1532.2 

1.6084 1.6393 1.6674 1.6933 1.7179 1.7640 1.8066 1.8462 1.8836 

3.005 3.227 3.440 3.645 3.846 4.240 4.627 5.006 5.385 

1217.1 1245.4 1272.1 1298.0 1323.7 1375.2 1427.1 1479.1 1531.8 

1.5906 1.6224 1.6510 1.6774 1.7022 1.7487 1.7915 1.8313 1.8687 

2.646 2.849 3.041 3.226 3.407 3.760 4.105 4.444 4.782 

1213.5 1242.7 1270.0 1296.3 1322.2 1374.2 1426.3 1478.5 1531.4 

1.5742 1.6073 1.6364 1.6631 1.6882 1.7351 1.7782 1.8180 1.8555 


2JS8 2.547 2.722 2.892 3.056 3J76 3.688 3.995 4.299 

1209.8 1240.0 1267.9 1294.6 1320.8 1373.1 1425.6 1478.0 1531.0 

1.5592 1.5934 1.6231 1.6502 1.6756 1.7228 1.7662 1.8062 1.8438 

2.122 2.299 2.462 2.617 2.769 3.062 3.347 3.628 3.903 

1205.9 1237.3 1265.7 1292.9 1319.3 1372.1 1424.8 1477.4 1530.6 

1.5450 1.5805 1.6109 1.6384 1.6641 1.7117 1.7553 1.7954 1.8331 

1.9250 2.092 2.244 2.389 2.529 2.800 3.063 3.321 3.574 

1201.9 1234.4 1263.5 1291.1 1317.8 1371.0 1424.1 1476.8 1530.2 

1.5317 1.5684 1.5996 1.6275 1.6534 1.7014 1.7453 1.7856 1.8234 

1.9165 2.060 2.195 2.327 2.579 2.823 3.062 3.295 

1231.5 1261.3 1289.3 1316.3 1370.0 1423.3 1476.3 1529.7 

1.5571 1.5890 1.6174 1.6435 1.6919 1.7360 1.7765 1.8144 

1.7655 1.9019 2.030 2.153 2.389 2.617 2.839 3.056 

1228.4 1259.0 1287.5 1314.8 1368.9 1422.5 1475.7 1529.3 

1.5462 1.5790 1.6078 1.6343 1.6830 1.7274 1.7680 1.8060 

1.6347 1.7648 1.8863 2.002 2.224 2.438 2.646 2.849 

1225.3 1256.7 1285.6 1313.3 1367.8 1421.7 1475.1 1528.9 

1.5359 1.5695 1.5988 1.6256 1.6747 1.7193 1.7601 1.7983 

1.3712 1.4899 1.5981 1.7003 1.8945 2.080 2.260 2.435 

3217.1 1250.7 1280.9 1309.4 1365.1 1419.8 1473.6 1527.9 

1.5117 1.5477 1.5783 1.6059 1.6561 1.7012 1.7424 1.7809 

1.1726 1.2828 1.3817 1.4740 1.6472 1.8119 1.9704 2.125 

1208J 1244J 1276.0 1305.5 1362J 1417.7 1472.1 1526.8 

1.4892 1.5276 1.5599 1.5884 1.6396 1.6854 1.7270 1.7658 


*In this table t is specific volume, cubic feet per pound, h is the beat content (Enthalpy), B.t.u. per pound, and s is Entropy, 
B.iu. per degree Fahrenheit per pound. 
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Table III .— Superheated Steai ^ (Continued) 


Ak. T«mp«ratur»—Pahranhalt 

??;/!%«;:) ^ursfAm wo* ow* eoo* oao* ew- wo* eoo* too* tw* $oo* 



V 

0.0196 1.0303 

1.1204 1.2127 1.2972 

4W 

h 

437.4 1204.1 

1237.6 1271.0 1301.5 

(45637) 

a 

0.6361 1.4732 

1.5091 1.5430 1.5725 


V 

0.0198 0.9261 

0.9905 1.0775 1.1558 

600 

h 

449.7 1203.7 

1230.5 1265.8 1297.3 

(466.99) 

a 

0.6493 1.4630 

1.4915 1.5274 1.5579 


V 

0.0200 0.8402 

0.8823 0.9658 1.0398 

850 

h 

461.3 1203.0 

1222.8 1260.3 1293.1 

(476.92) 

a 

0.6616 1.4536 

1.4747 1.5126 1.5443 


V 

0.0202 0.7677 

0.7922 0.8728 0.9431 

600 

h 

472.3 1202.1 

1214.7 1254.6 1288.7 

(486.17) 

a 

0.6731 1.4447 

1.4582 1.4986 1.5316 


V 

0.0206 0.6527 

0.7251 0.7905 

TOO 

h 

492.9 1199.7 

1242.4 1279.7 

(503.04) 

a 

0.6943 1.4285 

1.4720 1.5080 


V 

0.0209 0.5653 

0.6128 0.6750 

800 

h 

511.8 1196.7 

1228.8 1270.1 

(518.18) 

a 

0.7135 1.4139 

1.4462 1.4862 


V 

0.0213 0.4969 

0.5234 0.5844 

900 

h 

529.5 1193.3 

1213.6 1259.8 

(531.95) 

a 

0.7311 1.4005 

1.4208 1.4656 


V 

0.0217 0.4419 

0.4495 0.5111 

1000 

h 

546.0 1189.6 

1196.5 1248.7 

(544.58) 

a 

0.7473 1.3881 

1.3949 1.4455 


V 

0.0222 0.3960 

0.4500 

1100 

h 

561.7 1185.6 

1236.6 

(556.28) 

a 

0.7624 1.3765 

1.4257 


V 

0.0226 0.3582 

0.3985 

1200 

h 

576.5 1181.4 

1223.4 

(567.14) 

a 

0.7765 1.3656 

1.4058 


V 

0.0235 0.2983 

03144 

1400 

h 

604.3 1172.4 

1192.4 

(586.96) 

a 

0.8024 1.3452 

13643 


V 

0.0244 0.2528 


1600 

h 

630.2 1162.7 


(604.74) 

a 

0.8262 1.3265 



V 

0.0254 0.2167 


1800 

h 

654.7 1151.8 


(620.86) 

a 

0.8482 1.3083 



? 

0.0265 0.1875 


8000 

h 

679.0 1139.0 


(635.61) 

a 

0.8696 1.2896 



V 

0.0277 0.1623 


8200 

h 

703.7 1123.8 


(649.3) 

a 

0.8912 1.2700 



V 

0.0292 0.1404 


8400 

h 

729.4 IIOS.8 


(661.9) 

a 

0.9133 1.2488 



V 

0.0310 0.1205 


8600 

h 

756.7 1084.5 


(673.8) 

a 

0.9364 1.2257 



V 

0.0333 0.1021 


8800 

h 

786.7 1058.9 


(684.9) 

a 

0.9618 1.1996 



V 

0.0367 0.0844 


8000 

h 

823.1 1025.6 


(695.3) 

a 

0.9922 1.1676 



V 

0.0459 0.0601 


8800 

h 

8B7.0 962.9 


(704.9) 

a 

1.0461 1.1112 



V 

0.0522 0.0522 


8886 

h 

925.0 925.0 


(706.1) 

a 

1.0785 1.0785 



9 



8600 

b 






1.3299 1.3616 U932 1.4242 1.4S48 1.5299 1.6032 
1313:2 1324.9 1336.S 1348.0 1359.4 1387.8 1415.7 
1.5835 1.5942 1A046 1.6148 1.6248 1.6487 1.6714 

1.1861 1.2153 1.2444 1.2727 1.3009 1J697 1.4365 

1309.4 1321.4 1333.2 1344.9 1356.6 138S.3 1413.6 
1.5692 1.5802 1.5908 1.6012 1.6113 1.6356 1.6586 

1.0679 1.0953 1.1223 1.1487 1.1746 1.2381 1.2996 

1305.5 1317.7 1329.8 1341.8 1353.6 1382.8 1411.5 
1.5559 1.5671 1.5780 1.5886 1.5990 1.6236 1.6468 

0.9695 0.9954 1.0206 1.0452 1.0694 1.1285 1.1855 

1301.5 1314.1 1326.4 1338.6 1350.6 1380.3 1409.3 
1.5436 1.5551 1.5662 1.5770 1.5874 1.6125 1.6360 

0.8143 0.8376 0.8602 0.8822 0.9038 0.9559 1.0063 
1293.3 1306.5 1319.4 1332.0 1344.5 1375.1 1404.9 
1.5208 1.5329 1.5444 1.5557 1.5665 1.5923 1.6165 

0.6974 0.7189 0.7395 0.7596 0.7791 0.8265 0.8723 

1284.6 1298.6 1312.1 1325J 1338.2 1369.7 1400.4 
1.4998 1.5127 1.5248 1.5365 1.5477 1.5744 1.5992 

0.6057 0.6258 0.6452 0.6639 0.6821 0.7257 0.7675 
1275.5 1290.3 1304.5 1318.3 1331.7 1364.2 1395.8 
1.4803 1.4938 1.5067 1.5188 1.5304 1.5579 1.5835 


0.5317 0.5509 0.5692 0.5870 0.6040 0.6449 0.6837 

1265.8 1281.6 1296.6 1311.0 1324.9 1358.5 1391.0 
1.4615 1.4760 1.4895 1.5022 1.5144 1.5427 1.5691 

0.4705 4893.0 0.5071 0.5239 0.5401 0.5788 0.6152 
1255.4 1272.5 1288.3 1303.4 1317.9 1352.6 1386.1 
1.4433 1.4590 1.4733 1.4866 1.4993 I.S28S 1.5557 

0.4189 0.4373 0.4547 0.4710 0.4865 0.5233 0.5578 

1244.2 1262.7 1279.6 1295.5 1310.6 1346.5 1381.1 
1.4254 1.4423 1.4576 1.4716 1.4848 1.5151 1.5431 

0.3361 0.3548 0J717 0J874 0.4021 0.4365 0.4678 

1218.9 1241J 1260.8 1278.6 1295.2 1333.8 1370.8 
U891 1.4096 1.4272 1.4429 1.4574 1.4899 1.5199 

0.2706 0.2908 0.3083 0J239 0.3384 0J708 0.4002 

1188.2 1216.2 1239.6 1260.1 1278.6 1320.3 1360.0 
U503 1.3760 1J971 1.4152 1.4313 1.4666 1.4986 

0.2384 0.2574 0.2736 0.2880 0.3195 0.3472 
1186.3 1215J 1239.4 1260.6 1306.2 1348.7 
U399 IJ661 1.3874 1.4058 1.4444 1.4787 

0.1931 0.2145 0.2320 0.2468 0.2781 0.3047 
1149.0 1186.6 1216.0 1240.7 1291.4 1337.0 
1.2988 13326 13586 13802 1.4230 1.4599 

0.1760 0.1960 0.2120 03438 0.2696 
1150.9 1188.7 1218.4 1275.7 1324.8 
U943 13278 13536 1.4021 1.4418 

0.1637 0.1816 0.2148 0.2401 
1155.5 1192.8 1259.1 13123 
13928 1.3253 13813 1.4244 

0.1314 0.1540 0.1896 03151 
1110.0 1162.5 1241.0 12993 
13481 13938 13602 1.4074 

0.1275 0.1674 0.1934 
1123.8 12213 1285.5 
U559 13384 1390S 


0.0983 0.1476 0.1742 
10663 11993 1271.1 
13028 13155 13737 

0.1298 0.1572 
1174.5 1255.9 
13907 13567 

0.1271 0.1552 
11713 1253.8 
13874 13545 

0.1042 0.1349 
1129.7 12313 
13484 13307 


8W* 900* 960* 1090* 

1.6752 1.7455 1.8148 1.8838 

1443.2 1470.6 1498.2 1S2S.K 
1.6928 1.7133 1.7331 1.7S24' 

1.5018 1.5655 1.6284 1.6903 

1441.5 1469.1 1496.9 1524.8 
1.6802 1.7009 1.7210 1.7404 

13596 1.4181 1.4756 1.5321 

1439.7 1467.6 1495.8 1523.8 
1.6687 1.6897 1.7100 1.7296 

1.2411 13953 1.3483 1.4003 

1437.8 1466.1 1494.4 1522.8 
1.6582 1.6794 1.6999 1.7196 

1.0554 1.1029 1.1484 1.1929 
1434.1 1463.0 1491.9 1520.8 
1.6392 1.6608 1.6817 1.7018 

0.9157 0.9577 0.9982 1.0374 

1430.3 1459.9 14893 15183 
1.6225 1.6446 1.6659 1.6864 

0.8072 0.8451 0.8815 0.9166 

1426.5 1456.8 1486.8 1516.8 
1.6074 1.6301 1.6518 1.6727 


0.7202 0.7547 0.7877 0.8199 

1422.6 1453.6 1484.3 1514.8 
1.5936 1.6169 1.6390 1.6603 

0.6490 0.6810 0.7115 0.7408 

1418.7 1450.4 1481.8 1S12.8 
1.5810 1.6048 1.6274 1.6491 

0.5897 0.6195 0.6478 0.6750 

1414.7 1447.2 1479.3 1510.8 
1.5692 1.5937 1.6168 1.6388 

0.4964 0.5229 0.5476 0.5712 

1406.5 1440.8 1474.3 1506.9 
1.5477 1.5736 1.5976 1.6204 

0.4264 0.4503 0.4725 0.4935 
1398.1 1434.3 14693 1502.9 
1.5283 1.5555 1.5808 1.6042 

03716 0.3938 0.4140 0.4330 

1389.5 1427.8 1464.3 1498.8 
1.5105 1.5392 1.5656 1.5897 

0.3279 0.3486 03673 03847 

1380.5 1421.1 1459.2 1494.7 
1.4938 1.5242 1.5518 1.5765 

0.2919 0.3115 03289 0.3451 
13713 1414.2 1454.0 1490.4 
1.4779 1.5102 1.5390 1.5644 

03618 0.2805 0.2969 03121 

1361.6 1407.1 1448.7 1486.1 
1.4628 1.4969 1.5270 1.5531 

0.2361 0.2542 0.2699 03842 
US1.9 1399.8 1443.2 1481.7 
1.4484 1.4842 1.S1S7 1.5426 

0.2141 03315 0.2466 0.2603 

1341.6 1392.1 1437.6 14773 
1.4342 1.4720 1.5049 1.5326 


0.1947 03118 0.2265 0.2396 
1331.0 13843 1431.7 1472.9 
1.4203 1.4602 1.4946 1.5233 

0.1777 0.1945 03088 0.2214 
1320.1 1376.1 1425.6 1468.4 
1.4067 1.4487 1.48451.5144 

0.1757 0.1924 03067 03192 
1318.7 1375.0 1424.9 14673 
1.4050 1.4472 1.4832 1.5133 

0.1556 ai720 ai860 ai981 
1303.0 13633 1416.0 1461.6 
13866 1.4318 1.4699 13017 
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Table IV.—Properties of Common Sobbtances 



Specific 

grav¬ 

ity 

Density 


Coefilcient of expan¬ 
sion per degree 
Fahrenheit 

Substance 

Wt. per 
cu. fi.. 
lb. 

Wt. per 

Specific 

heat 


cu. in. 
lb. 


Linear 

Volu¬ 

metric 

Air. 




0.238 



Aluminum. 

2.60 

161 

0.095 

0.212 

0.000011 

0.000033 

Bismuth. 

9.82 

613 

0.353 

0.031 

0.000008 

0.000024 

Boxwood, along or across 
crrain. 

0.000002 

0.000006 

Brass. 

8.10 

503 

0.293 

0.094 

0.00001 

0.00003 

Cement. 

2.24 

140 

0.083 

0.20 

0.000008 

0.000024 

Copper. 

8.79 

545 

0.318 

0.097 

0.000009 

0.000028 

Coal (anthracite). 

1.43 

88.7 

0.0.58 

0.241 

Coke. 

1.00 

62.4 

0.037 

0.203 



Flue Gas. 

0.24 



Gasoline. 

0.68 

42.4 




Glass. 

2.89 

180.7 

0.105 

0.697 

0.198 

0.000005 

0.000014 

Gold. 

19.26 

1,200 

57.5 

0.032 

0.000008 

0.000024 

Ice (at 32°F.). 

0.92 

0.033 

0.504 

Iron (cast). 

7.5 

465 

0.271 

0.130 

0.000006 

0.000018 

Iron (wrought). 

7.74 

582 

0.280 

0.110 

0.000007 

0.000021 

Lead. 

11.35 

708 

0.411 

0.031 

0.000016 

0.000048 

Limestone.. 

3.16 

197 

0.114 

0.217 

Mercury (at 32°F,) 

13.60 

849 

0.492 

0.033 

0.000033 

0.000100 

Nickel. 

8.90 

547 

0.321 

0.109 

0.000007 

0.000020 

Pine (white), along grain.. 
Pine (white), across grain. 

0.55 

34 

0.020 

0.65 

0.0000025 

1 0.000020 

0.000008 

0.000080 

Platinum. 

21.5 

1,342 

O'. 779 

0.032 

0.000005 

0.000015 

Porcelain. 

0.000002 

O.OOOOOG 

Oak, along grain. 





0.000003 

0,000009 

Silver. 

10.47 

653 

0.379 

0.056 

0.000011 

0.000033 

Steel. 

7.83 

486 

0.292 

0.116 

0.000007 

0.000020 

Tin. 

7.29 

452 

0.264 

0.056 

0.000012 

0.000035 

Zinc. 

7.19 

445 

0.260 

0.095 

0.000016 

0.000048 
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Table V.— Metric Conversion Table 

Millimeters X 0.03937 * inches. 

Millimeters 4- 25.4 = inches. 

Centimeters X 0.3937 = inches. 

Centimeters 4* 2.54 = inches. 

Meters X 39.37 » inches. (Act of Congress.) 

Meters X 3.281 = feet. 

Meters X 1.094 = yards. 

Kilometers X 0.6214 = miles. 

Kilometers 4* 1.6093 « miles. 

Kilometers X 3,280.8 — feet. 

Square millimeters X 0.00155 = square inches. 

Square millimeters 4- 645.2 = square inches. 

Square centimeters X 0.155 = square inches. 

Square centimeters 4- 6.452 = square inches. 

Square meters X 10.764 = square feet. 

Square kilometers X 247.1 = acres. 

Hectare X 2.471 == acres. 

Cubic centimeters 4- 16.387 = cubic inches. 

Cubic meters X 35.314 = cubic foot. 

Cubic meters X 1.308 = cubic yards. 

Cubic meters X 264.2 = gallons (231 cu!)ic inches). 

Liters X 61.023 = cubic inches. (Act of Congress.) 

Liters X 0.2642 = gallons (231 cubic inches). 

Liters 4- 3.785 = gallons (231 cubic inches). 

Liters 4- 28.317 = cubic feet. 

Hectoliters X 3,531 = cubic feet. 

Hectoliters X 2.838 = bushels (2,150.42 cubic inches). 

Hectoliters X 0.1308 = cubic yards. 

Hectoliters X 26.42 = gallons (231 cubic inches). 

Grams X 15.432 ~ grains. (Act of Congress.) 

Grams X 981 = dynes. 

Grams 4- 28.35 = ounces avoirdupois. 

Grains 4- 15.432 = grams. 

Grains 4- 7,000 = pounds. 

Joule X 0.7373 == foot-pounds. 

Kilograms X 2.2046 = pounds. 

Kilograms X 35.27 = ounces avoirdupois. 

Kilograms 4- 907.2 = tons (2,000 pounds). 

Kilograms per square centimeter X 14.223 = pounds per square inch. 
Kilogram-meters X 7.233 = foot-pounds. 

Kilo per square meter X 0.672 = pounds per square foot. 

Kilo per cubic meter X 0.0624 = pounds per cubic foot. 

Kilowatts X 1.34 = horsepower. 

Watts 4- 746 = horsepower. 

Watts X 0.7373 = foot-pounds per second. 

Calorie X 3.968 « B.t.u. 

Cheval vapeur X 0.9863 = horsepower. 

(Centigrade X 1.8) + 32 « degrees Fahrenheit. 

Gravity Paris * 980.94 centimeters per second =* 32.17 feet per second. 
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Table VI .— The Equivalents of Ounces , per Square Inch , in Inches of Height 
OF Columns of Water and Mercury 


27.71 inches of water and 2.04 inches of mercury equal 1 pound per square inch 
at atmospheric pressure and 62°F, temperature. Mercury is 13.58 times as heavy as 
water. 


Ounces 

Inches of 
water 

Inches of mercury 

Ounces 

Inches of 
water 

Inches of mercury 

0.146 

0.25 

0.018 

7 

12.12 

0.892 

0.292 

0.61 

0.037 

8 

13.85 

1.019 

0.438 

0.76 

0.055 

9 

15.59 

1.148 

0.584 

1.01 

0.074 

10 

17.32 

1.275 

1 

1.73 

0.127 

11 

1 19.05 

1.402 

2 

3.46 

0.255 

12 

1 20.78 

1.529 

3 

5.20 

0.382 

13 

22.52 

1.658 

4 

6.93 

0.510 

It 

24.25 

1.785 

5 

8.66 

0.637 

15 

: 25.98 

1.913 

6 

10.39 

0.765 

h) 

27.71 

2.036 
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Bore of cylinder, 163 
Bourdon pressure gage, with steel tube, 
16 

theory of, 14 

Bourdon-tube thermometers, 69 
Brake constant, 168 
Brake dynamometers, 168, 681 
Brake horsepower, 168, 413, 417 
Brake pulley, design for, 161, 164 
Brake thermal efficiency, 418 
Bristol-Durand integrator for circular 
diagrams, 112 

Bucket efficiency of steam turbine, 377 
Burning point of oils, test for, 639, 687 

C 

Calibration, of draft gages, 31 
of high-pressure gages, 21, 24, 585 
of indicator springs, 129, 133, 586 
of low-pressure gages, 27 
of mercury thermometers, 37, 49, 55, 
294, 586 

of Pitot tubes, 190 
of planimeters. 111 
of platform scales, 180, 687 
of thermoelectric thermometers and 
pyrometers, 66, 294 
of vacuum gages, 27, 585 
Calories, 74, 222, 603 
Calorific value, of fuel, determination of, 
222, 589 

of gas, 239, 246, 689 
Calorimeter, barrel (for steam), 95 
bomb (for fuels), 223, 589 
calibration of steam, 87, 94, 98, 586 
capacity of, 224 

charts for determining moisture in 
steam, 81, 83 

combined separating and throttling, 89 
condensing (steam), 95 
electric (steam), 93 
fuel, 223, 689 
Junkers, 239, 589 
nozzles or nipples, 76, 82, 90 
separating (steam), 86 
steam, 76, 307, 360, 384 
throttling, 76 
two-pressure, 86 
wire-drawing (or throttling), 75 
Capillary corrections for mercury, 3 
Carbon dioxide method of fluctuating 
steam flow, 368 


Carbon residue of oil, 633 
Carbonic acid (CO 2 ), apparatus for 
determining, 269, 272 
Carbonic acid refrigerating machine, 461 
Centrifugal fans, testing of, 437 
Centrifugal pumps, testing of, 559 
Centrifuge, 536 

Chemical analysis of fuels to determine 
calorific value, 251 
Chill point of oils, 532 
Chimney gases, weight of, calculated 
from analysis, 282, 330 
Clearance of engine cylinder, determina¬ 
tion of, 344 
Clearance surface, 345 
Clearance volume, 344, 451 
Cleveland oil tester, 642 
Coal, calorific value of, from analysis, 251 
Coal analysis, proximate, 253, 256 
Coal calorimeters, 225, 589 
Coal testing, proximate analysis, 253, 588 
Coefficient, of contraction, 213 
of dilution, 279 

of discharge, for orifices, 190, 196, 213 
for weirs, 215 

of expansion, of mercury, 6, 47 
of various substances, 602 
of friction of bolts, 518 
of friction wheels, 518 
of oils and bearings, 643, 688 
of velocity, 213 
Coffin planimeter, 106 
Cohesion, 624 

Cold-gas efficiency, 425, 429 
Cold-gas output, 298 
Cold test of oil, 632 

Cold-water pressure method for con¬ 
denser leaks, 348 
Cloud test of oil, 531 
Combined separating and throttling 
calorimeters, 89 

Combustion space, volume of, 313, 
(Item 24), 317 

Complete steam power plants, tests of, 
402 

Compound gages, 18 
Compressors, air, testing of, 437, 449 
ammonia, testing of, 461, 464 
Condensation trap, 2 
Condenser leakage tests, 346, 366, 381, 
489 

Condensers, testing of, 346, 486 
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Conversion of pressures, 13 

of temperatures and heat units, 74 
of units (general), 663, 603 
Cooley indicator spring tester, 129 
Cooley stroke-measuring counter, 661 
Corliss engine diagrams, normal and 
abnormal, 339 

Corliss engine-valve setting, 340 
Correcting steam engine and steam tur¬ 
bine tests to standard conditions, 398 
Correction for stem exposure of mer¬ 
cury thermometers, 45, 47 
Correction for water on mercury column, 
2 

Correction curves for capillarity of 
mercury, 3 

for steam turbine, 387, 398 
Correction table, barometer, 4 
Creep of belts, 518 
Crosby indicator, 118, 448 
Cups, thermometer, 39-49, 384 
Curve, typical error,” 26 
Curves for determinations of moisture 
in steam, 81, 83 

Cut-off, determination of, 338, 361 
normal, 361 

D 

Dalton's law, 247 
Dead center, to set engine on, 334 
Dead-weight gage testers, 22-24 
Density of ammonia vapor, 463 
Density of substances, table of, 602 
of water at different temperatures, 13 
Diaphragm gages, 17 
Differential dynamometer, calibration of, 
172, 176 

Differential gages, 19, 31, 185, 563 
Differential hoist, 513 
Differential pressure, 31, 354 
Differential thermometer, 72 
Direct current, measurement of, 378 
Discharge of centrifugal fans, 441 
Draft, measurement of, in boiler, 307 
Draft gages, 28, 32, 185 
calibration of, 31 
Drum-motion errors, 146 
Dry-air pump, 363 
Ducts, loss of velocity in, 444 
measuring velocity of air in, 186, 188, 
190, 426 


Durand rule for area, 99 
Durand-Bristol integrator, 21, 112 
Duty of steam pump, 660 
Dynamic head, 661 
Dynamometer, absorption, 158 
Alden, 166 

design of, 169, 161, 164 
differential, 173 
dynamo, 170 
eddy-current, 171 
fan, 164 

hints on operation of, 161, 166 
Kenerson's, 178 
Prony, 158 

Reynolds-Froude, 167 
rope, 162, 164 
shaft, 176 
strap, 161 
torsion, 176 
transmission, 172, 590 
viscous, 169 
water brake, 168 
water-jacketed band, 164 
Webb, 169 
Webber, 175 

Dynamometers, accuracy and selection 
of, 180 

Dynamos as dynamometers, 170 
E 

Eccentric, setting of, effect on indicator 
diagram, 338 
Economizer, 305 

Economizer surface, defined, 316, 326 
Economy of steam engine compared with 
ideal, 360, 367 
Eddy-current brakes, 171 
Efficiency, of electric motors, 547 
of fans or blowers, 441, 443, 449 
of gas engine, 417, 420 
of gas producer, 428, 434 
of hoists, 516 

of refrigerating machines, 470 
of steam boiler, 315, 318, 325, 327 
of steam engines, compared with 
Rankine cycle, 360 
thermal, 360 

of steam turbines, compared with 
Rankine cycle, 360, 368 
thermal, 392, 394, 395 
Ejector for flue gases, 267 
Electric COs meter, 284 
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Electric dynamometers, 170, 413 
Electrical instruments, calibration of, 290 
precautions to be observed, 379 
Electrical measurement of power, 378 
Electrolytic conductance test of con¬ 
denser, 355 

Elevation of barometer, 7 
Emergent stem correction for ther¬ 
mometers, 45 

Emerson fuel calorimeter, 229 
Engine and boiler tests (combined), 402 
Engine efficiency,” 360, 392 
Engine lubricators, 545 
Entropy, defined, 368 
Entropy-temperature diagram explained, 
368 

Equivalent evaporation, 304 
Error curve, typical, 26 
Errors of indicator diagrams, 146 
Evaporation, unit of, 305 
Evaporative apparatus, code for (ref¬ 
erence), 373 

Exhaust steam, temperature of, 385, 391 
Exposed stem correction for thermom¬ 
eters, 45 

External-pressure correction for ther¬ 
mometers, 48 

Extraction steam turbines, 353, 380 
F 

Fan dynamometers, 164 
Fans, testing of, form for report, 445 
ventilating (centrifugal), 437 
Feed pumps, testing of, 547, 550 
Feed water, measurement of, 205-220, 
307, 357, 382, 405 
thermometer and gage, 73 
Feed-water heater, testing of, 501 
Flashing point of oil, determination of, 
541, 587 

Fliegner^s formula, 190 
Flow, of air, 182, 444 
of steam, 195 
of water, 205 

Flue gas analysis, 266, 272, 589 
determination of air supply from, 281, 
330 

Flue gases, loss of heat in, 282, 315, 318 
weight of, 282, 330 
Form of report {see Report form) 

Francis formula for weirs, 215 
Free air, volume of, 452 


Friction brakes and dynamometers, 158 
Friction horsepower, 332, 364 
Friction wheels, tests of, 518 
Friction work of hoists, 516 
Fuel, calculation of heating value of, 234, 
247, 250, 251 

for gas and oil engines, measurement 
of, 182, 250, 407, 413 
testing of, 222, 253, 258 
Fuel calorimeters, 223, 239 
Fuels, calorific value of, 222, 239 
Furnace volume, defined, 303, 327 

G 

Gage notch, 215 
Gage pressure, 1 
Gage testers, 21-26 
Gages, adjustment of, 16 
Bourdon, 14 

calibration of, 21-31, 585 
compound, 18 
diaphragm, 17 
draft, 28 
pressure, 14-28 
recording, 19-21 
vacuum, 1, 17, 27 
Gas, analysis of, 266-276 
calorific value of, 239 
measurement of, 182, 409, 413, 426 
producer, 248, 276, 426 
Gas engine, efficiency of, 409, 417, 420 
fuel for, measurement, 182, 407, 409, 
413 

indicator diagrams, 125, 406, 412 
test, form for report, 418 
Gas fuel, analysis of, 276, 589 
Gas meter calibration, 189, 243 
Gas meters, 182, 239, 248, 413 
Gas-pressure regulator, 239, 245, 248 
Gas-producer tests, 421 
form for report, 430 
Gasoline, measurement of, 250, 407 
Gasometer, 189 

Gooseneck siphons on gages, 15 
Governor testing, 576 
Gramberg rule for area, 99 
Graphic logs, 293, 386 
Grate surface, defined, 303 

H 

Head at a pump (suction, discharge, 
total), defined, 548, 560 
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Heat balance, of boiler, 306, 315, 320 
of gas producer, 429 
of refrigerating plant, 473 
Heat equivalent of calorimeter, 222, 224 
Heat transmission in condensers and 
evaporators, 299 

Heat unit basis of engine testing, 360, 
392, 416 

Heat units, conversion of, 74 
Heating surface, steam-generating, ex¬ 
plained, 327 

Heating value of fuels, calculated from 
analysis, 261 
by experiment, 222 
Hempel gas apparatus, 276, 426 
High-heating value of gas and oil fuels, 
241, 413, 429 
Hirn’s analysis, 367 
Hoists, efficiency of, 516, 590 
Hook gage, 215 

Hopkinson optical indicator, 126 
Horsepower, of automobile and airplane 
engines, 153 
boiler, 299, 304 

brake, 153, 158, 406, 413, 417, 689 
conversion of, into heat units, 74 
friction, 332 

indicated, 161, 153, 416, 586 
of rotary engines, 163 
Hot-gas efficiency, 428, 429 
Hot-gas output, 298, 429 
Hot junction of pyrometer, 63 
Humidity of air, 186, 441 
Hydraulic machinery, testing of, 547 
Hydraulic motors, testing of, 567, 569 
Hydraulic power plants, code for (ref¬ 
erence), 373 

Hydraulic rams, testing of, 569 
Hydrogen, from explosion tests, 278 
proximate analysis, 257 
Hydrostatic pressure on gages, 17 
Hyperbolic curve applied to engine indi¬ 
cator diagrams, 371 
Hysteresis of instruments, 27 

I 

Ice-making (refrigerating) capacity, 469 
Ice-point test, 60 
Illuminating gas analysis, 276 
Impellers of fans, 437 
Impulse water wheels, 567 


Indicated horsepower, calculation of, 151, 
153, 416, 586 
engine constant, 152 
Indicated thermal efficiency, 418 
Indicator, ammonia, 467 
calibration of, 129, 586 
care of, 126 
Crosby, 118, 121 
gas engine, 407 
high-pressure (ordnance), 449 
Newell, 127 
oil engine, 131, 407 
optical, 125 
Tabor, 122 
Thompson, 116 
Watt, 116 

Indicator diagrams, analysis of, 146 
calculation of steam consumption from, 
368, 371 
errors in, 146 

of gas and oil engines, 406, 412, 420 
Indicator drum spring, 118, 121 
Indicator reducing motions, 136, 146 
Indicator spring, calibration of, 129, 586 
testing, 129 

Injector, method of operating, 571 
test, 571 

form for report on, 672 
Integrating instruments, Durand-Bristol, 
112 

planimeters, 100, 112 
Intercooler surface, 461 
Interior steam surface, 345 

J 

Junkers gas calorimeter, 239, 426, 428 
K 

Kenerson^s torsion dynamometer, 178 
Kilowatt-hour, 74 

L 

Lagging of steam calorimeters, 75, 87, 307 
Latent heat, of evaporation of ammonia 
464 

of steam, table of, 695 
Leakage test of condenser, 346, 489 
Leaks in vacuum line, 18 
Line pattern for areas, 99 
Locomotives, test code for (reference), 
373 
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Log form, for indicator spring test, 136 
for mechanical-efficiency test of engine, 
332 

for pressure-gage test, 26 
for thermometer calibration, 63, 69 
Logarithmic mean difference, 472, 478, 
484 

Ix)garithmic paper, 603, 628 
Losses of head in ducts, 444 
Low-pressure gages, 27 
Ijow-pressure steam sampling nozzle, 78, 
90 

Lower heat value of gas, 243, 429 
Lubricants, tests of, 620, 687 
Lubricators, engine, 646 

M 

Mahler bomb calorimeter, 223, 227 
Manometers, 1, 31 
Marine steam turbine, tests of, 367 
Marsh gas from explosion tests, 277 
Mean effective pressure, 105, 152, 372, 
412 

by planimeter, 105, 109, 151 
Mean ordinate, determination of, 108, 
152 

Mean specific heat of steam, 368 
Mechanical efficiency, 332, 409, 470 
Mechanical pyrometer, 66 
Melting points of metals, 63 
Mercury, corrections for, 3 
and equivalent pressure per unit area, 
13 

expansion of, 6, 46, 602 
Mercury column for calibrating gages, 24 
Mercury columns, cleaning of, 13 
Mercury compensating device for 
thermocouples, 63 
Mercury thermometers, 34, 37 
Metallic pyrometers, 37, 66 
Metals, melting point of, 53 
Meter, gas, 182, 239, 248, 413 
Venturi, 211 

Methane from explosion tests, 277 
Metric conversion table, 603 
Mixed-pressure turbines, 380 
Moisture, in ash, 263 
in coal, 253, 263, 306, 403, 429 
in gas, 428 

in steam (by charts), 81, 83 
determination of, 76 
Mollier diagram, 361, 478, 693 
Myriawatt, 299 


N 

Napier^s formula, 195, 426 
Newell high-speed indicator, 127 
Normal cut-off, 361 

O 

Oil engines, measurement of fuel for, 260, 
407, 414 

Oils, tests of, 620, 587 

Optical pyrometers, 69 

Orifice method of measuring air, 190, 450 

*‘Orsat” apparatus, 272, 426 

Orton pyrometer cones, 71 

Oscillograph, 583 

P 

Pantograph reducing motion for indi¬ 
cators, 136, 140 

Parallel rule for dividing diagrams, 152 
Parr calorimeters, 232 
Partial pressures, 247, 429, 453 
Pendulum reducing motions, 139 
Pensky-Martens oil tester, 541 
Photoelectric cell as smoke detector, 287 
Pitot tubes, 184, 204, 426, 441 
calibration of, 189 
Planimeter, Amsler, 100 
calibration of. 111, 586 
Coffin, 106, 151 
polar, theory of, 101 
roller, 110 
zero circle of, 102 
Platform scales, 180, 587 
Pneumatic pyrometers, 66 
Polar planimeter, 100, 366, 653, 686 
Positive pressure blowers, 439 
Power, input, 561 
measurement of, 168 
Pressure, absolute, 1, 18 

(pounds per square inch) and equiva¬ 
lent head of water or of air, 13, 
548, 553, 604 

and temperature of steam, table of, 687 
Pressure conversions, 13 
Pressure correction for thermometers, 48 
Pressure-gage tester, dead-weight, 22 
Pressure gages, 12, 14-21 
calibration of, 21, 31 
compound, 18 
for measuring draft, 28 
recording, 19 
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Pressure scales, Crosby, 24 
Producer-gas analysis, 276 
Prony brake, 168, 689 
Proximate analysis of coal, 263, 266, 688 
Psychrometer, sling, 441 
Psychrometric chart, 442 
Pulsometer, testing of, 674 
Pump, centrifugal, testing of, 669 
Pumping engine trials, 663 
Pumps, effective head at, 648 
testing of feed, 647, 649 
Pyrometer, bourdon-tube, 69 
calibration of, 61, 62, 66 
calorimeter, 69 
electric resistance, 66 
mechanical, 66 
optical, 69 
pneumatic, 66 
radiation, 67 
recording, 62, 67 
thermocouple, 64 
thermoelectric, 63 
Pyrometer cones, 70 

Q 

Quality of steam, calculation of, 80, 91, 
93, 310 

determination of, from charts, 81, 83 
Quartering” coal or ash samples, 253, 
262 

R 

R (ratio of specific heats) of air, 452 
Radiation, effect of, on temperature of 
flue gases, 39 

loss of, in calorimeters, 87, 223, 230, 
233, 236 

Radiation pyrometer, 67 
Radiation shielding, for thermocouples, 
42 

Rankine-cycle steam engines, 367 
Rating of steam boilers by heating sur¬ 
face, 299 

Ratio of specific heats of air (2?), 452 
Recording CO2 apparatus, 283 
Recording gages, 19 
Recording pyrometers, 62 
Recording thermometers, 62 
Reducing motion, for indicators, 136 
tests, 137, 146, 686 


Refrigerating plants, 462 
capacity of, 469 
test, form for report, 474 
Refrigeration effect, 469 
Regenerative steam turbine cycle, 380, 
383, 392 

Reheating steam turbine cycle, 392 
Relative humidity, 441 
Report form, for boiler test, 312 
for fan test, 445 
for gas- or oil-engine test, 418 
for gas-producer test, 430 
for refrigeration-plant test, 474 
for steam-engine test, 361 
for steam power plant, 403 
tfor steam-pump test, 548, 550, 556, 666 
for steam-turbine test, 377, 393 
Revolution counters, 156 
Rope brake, 162, 589 
design, 164 

hints on operation of (footnote), 161 
Rope drives, tension in, 172, 517 
Rotary engine, indicated horsepower, 153 
Rubber stoppers with holes, 267 
Rules, for boiler testing (A.S.M.E.), 305 
for fan and blower testing (A.S.H.V.E.)» 
445 

for gas- and oil-engine testing (A.S.- 
M.E.), 409 

for refrigerating-plant testing (A.S.- 
M.E.), 464 

for steam-engine testing (A.S.M.E.), 
355 

for steam-generating units, 305 
for steam-turbine testing (A.S.M.E.), 
380 

S 

Sampling bottles for flue gases, 266, 269 
Sampling coal, 253, 258, 310 
Sampling condensate, 348 
Sampling tubes, for flue gas (A.S.M.E.), 
266, 268, 308, 311 
for steam calorimeter, 76 
Saybolt viscosimeter, 526 
Scales for weighing, 180, 356, 381, 684 
Segor pyrometer cones, 70 
Sensible heat of gas, 428 
Separating calorimeter, 86 
Shaft dynamometers, 176 
Shaft efficiency of steam turbine, 377 
Shaft horsepower, 367 
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Shielding of thermocouples, 43 
Significant figures, 296 
Silver nitrate test for condenser leakage, 
347, 349 

Simpson's rule for areas, 99 
Siphons for steam gages, 16 
Sling psychrometer, 443 
speed of, 441 
sun effect on, 609 
Slip, of belts, 518 
in pumps, 548, 557, 566 
Smoke determinations, 285, 311 
Specific gravity, determination of, 520, 
687 

of various substances, table of, 602 
Specific heat, of ammonia, 463 
of superheated steam, 80, 368 
of various substances, table of, 602 
volume of steam, 595-601 
Speed counters, 154 
Speed-output curves, 377 
Speed-responsive governor test, 576 
Spring tester, indicator, 129 
Standard conditions, for engine and 
turbine tests (short method), 397 
for gases, 241, 423, 426 
for ventilating fans (U. S. Navy), 
444 

Standard tonnage of refrigeration, 469 
Steam, flow of, 195 

initially wet (to be avoided), 374, 384 
tables of properties of, 595-601 
Steam calorimeters, 75, 586 
Barrus, 82 
calibration of, 87, 88 
comparison of, 97 
electric, 93 

external superheating, 91 
separating, 86 
throttling, 75 
two-pressure, 86 
U-path, 85 

Steam consumption, calculated from 
heat balance, 375 

calculated from indicator diagram, 361, 
368 

Steam engine, lubricators, 645 
test, form for report, 361 
thermal efficiency of, 360 
Steam meters, 204, 310, 383 
Steam power plants, tests of, 402 
form for report, 403 

Steampump test, form for reijort, 648, 
550, 556, 566 


Steam rate (water rate), 391 
Steam sampling nozzle, location of, 77, 
307 

materials for, 79 
Steam siphons, 16 

Steam-turbine test, form for report, 377, 
393 

Stem exposure of thermometers, cor¬ 
rection for, 45, 47 
Stoppers, drilling holes in, 259 
Straight-blade fan, 437 
Strap brake, 161 
Stroke-measuring counter, 651 
Suction-gas producer, testing of, 430 
Suction head of pump, measurement of, 
with gage, 548, 555 
Sun effect of sling psychrometer, 509 
Superheated ammonia, 463, 465 
Superheated steam, flow of, 195 
specific heat of, 80, 368 
Superheater surface, 316, 326 
Surface condensers, testing of, 346, 489 

T 

Tabor indicator, 122 
Tachometers, 155 
Temperature, measurement of, 34 
Temperature scales, conversion of, 74 
Tension test of indicator spring, 135 
Testing, boilers, 305 
clearance volume, 344 
compressors, 448, 474 
condenser leakage, 346 
gas and oil engines, 409 
gas producers, 421 
hydraulic motors, 567, 669 
impulse water wheels, 567 
internal-combustion engines, 409 
refrigerating machines, 461, 474 
steam engines, 355 
steam generating units, 305 
steam pumps, 549 
turbines, 380 

ventilating fans and blowers, 439, 445 
water turbines, 667 

Theoretical water rate (steam rate), 367, 
377 

Thermal efficiency, of gas engine, 409, 417 
of steam engine, 360 
of steam turbine, 375, 377, 394, 396 
Thermocouple, 64, 68 

shielding from radiation, 42 
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Thermoelectric pyrometers and ther¬ 
mometers, 36, 63 

Thermometer, accuracy of, 37, 38, 73 
alcohol, 74 
armored, 72 

calibration of, 37, 49, 65, 294 
correction for stem exposure, 46, 47 
for flue gases (products of combustion), 
39, 307 

for high temperatures, 34 
mercury, 34, 36 

with mercury well for steam pipes, 36, 
39, 40 

and pressure gage combined, 73 

range of, 38 

recording, 58, 62 

regraduating of, 34n. 

repairing, 43 

resistance, 36 

standard, 51 

stem corrections for, 45, 47 
Thermometer, thermoelectric, 63 
well dimensions, 40, 41 
wells, 39, 384, 467 
wet and dry bulb, 186, 441 
Thompson indicator, 116 
Three-way cock, 149 
Throttling calorimeters, 75 
limitations of, 76, 86, 90 
Torque, 158, 377, 421 
Torque line, of steam turbine, 377 
Torsion dynamometers or meters, 176 
Total heat, of saturated steam, table of, 
695 

of superheated steam, 600 
Trammels, method of, for setting engine 
on dead center, 334 

Transmission dynamometers, 172, 561, 
690 
Trap, 2 

Trapezoidal rule for area, 99 
Triplex hoist, 514 
Turbine-blade fan, 438 
Two-fluid manometers (draft gages), 31 

U 

U-tube manometers, 1, 28, 31, 523, 561, 
663 

Unit of evaporation, 305 
V 

Vacuum gages, 1, 2 
calibration of, 27 


Vacuum gages, method for condenser 
leaks, 348 

on suction pipes of pumps, 648, 656, 
662 

Valve diagrams, 336 
Valve setting, Corliss type, 340 
D-slide and piston types, 333 
Vapor pressure of air, 452 
Velocity of air, 186, 443 
Ventilating fans, 437 
Ventilating systems, testing of, 443 
Venturi water meter, 211 
Vernier, on barometer, 7 
on planimeter, 101 
Versus (see vs.)y 500 
Vibrating-rced tachometer, 156 
Viscosity, 524, 587 
Volatile matter in coal, 255, 313 
Volume of 1 lb. of steam, table of, 595-601 
Volumetric efficiency, 471 
Vs. (for curve plotting), 500 

W 

Water, measurement of, by weir, 214 
measuring tank, continuous, 208, 210 
weight of, at different temperatures, 13 
Water boxes of surface condensers, 348 
Water brakes, 166, 168 
Water-cooled brake pulley, 161, 164 
Water equivalent of calorimeters, 96, 222, 
229, 236 

Water flow through circular orifice or 
nozzle, 212 

Water friction dynamometer, 168 
Water gage, 2 
Water horsepower, 555, 561 
of refrigerating plant, 473 
Water-jacketed band brake, 164 
Water meter, venturi, 211 
Water meters, 205, 487 
Water rate, actual (steam rate), 391 
curve, 354, 397 
theoretical, 367, 377 
Water seals for pressure gages, 16 
Water wheels, testing of, 667 
Wattes indicator, 116 
Webber's transmission dynamometer, 
176 

Webb's viscous d)mamometer, 169 
Weighing devices, sensitiveness of, 181, 
356, 381 

Weighing machine for water, 208 
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Weight, of air, required to bum 1 lb. 
of fuel, 281, 330 
table of, 187 

of chimney gases, 282, 330 
of flue gases, 282, 331 
of 1 cu. ft. of steam, table of, 695 
of various substances, table of, 602 
of water at different temperatures, 13 
Weir meters, 216 
Weirs, flow of water over, 214 
Wells, thermometer, 30-49, 384, 467 
Wet-air pump, 353 

Wet- and dry-bulb thermometer for 
humidity, 186, 441 


Wet steam (when to be avoided), 360, 
374, 384 

Wheatstone bridge method of CO 2 meas¬ 
urement, 284 

Willans law or line, 370, 372, 377 
Willcox water weigher, 208 
Wire-drawing calorimeters (throttling), 
75 

Worm hoist, 513 

Z 

Zero circle of planimeter, 102, 104 
Zeuner valve diagrams, 336 






